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STATUS OF ELECTROSTATIC THRUSTORS
FOR SPACE PROPULSION
by William R. Mickelsen and Harold R. Kaufman

Lewis Research Center

SUMMARY

Although some existing electrogtatic thrustors show promise of sufficient
durability for interplanetary flight, shortcomings of these thrustors would incur
serious payload losses. These shortcomings are especially severe with regard to
programed specific impulse, efficlency, power-conversion requirements, and thrus-
tor mass. The status of electrostatic thrustor components 1s examined from the
standpoint of performance in space mlssions. The electron-bombardment thrustor
appears to be superior to other types at present.

Current research programs are described for electron-bombasrdment thrustors,
contact-ionization thrustors, and colloidal-particle thrustors. The critical
component in the electron~bombardment thrustor is the cathode, and recent data
indicate that durable, low power, cathodes can be developed. The performance of
the contact-ionlzation thrustor 1s severely limited by porous-tungsten technol-
ogy. The requirements for submicron, close-spaced pores without in-flight sin-
tering appear formidable. Colloldal-particle thrustors are still in the research
stage but appear to have the best promise for high efficiency at low specific
impulse, low mass, and programed speclfic Impulse operation.

INTRODUCTTION

It is the purpose of this report to show the present status of electrostatic
thrustors as components of electric propulsion systems, to describe in detail
thelr major research and development problems, and to discuss their possible fu-
ture performance.

At present, the chemical rocket is men's only operational primary propulsion
system for space flight. Nuclear rockets and electric rockets consist only of
paper schemes and preliminary experimental equipment. It is clear, however, that
1f the performances of these propulsion systems live up to expectations thelr use
will make possible many space missions that are impractical with chemical rock-
ets. This 1s 1llustrated 1n the misslon performance survey in reference 1 and in
table I taken from reference 2.

Electric propulsion systems can be divided into three major parts: the
electric powerplant, the thrustor, and any power-conversion equipment between the
two. The requirements for electric propulsion systems with regard to welght and
durabllity have been discussed recently in references 2 to 4. Electric rockets
can compete in payload fraction with nuclear rockets for Mars missions only if



they achieve a specific mass of about 10 kilograms per kilowatt or less. To be
competitive in trip time as well as payload fraction, the electric propulsion
system should be about 5 kilograms per kilowatt or less.

Most, if not all, of electric propulsion-system mass is usually assumed to
reside in the electric powerplant. Analytical studies have resulted in estimates
of powerplant masses in the range from 1 to 6 kilograms per kilowatt (refs. 5
to 10). The only operational space electric powerplants, however, are solar
cells and thermoelectric systems with specific masses from 50 to 100 kilograms
rer kilowatt - too heavy to match even the small payload fraction of chemical
rockets. Reduction of this large gap between actual and required powerplant
weights is the aim of a large, current research and development program. Since
the electric thrustor 1s useless without a suitably lightwelght electric power-
plant, it must be assumed herein that this program will be successful.

The first portion of this report 1s devoted to an examination of the present
status of electrostatic thrustors with regard to their integration as a component
in lightweight propulsion systems. An existing experimental thrustor is used as
an example, and the effects of the performance of this thrustor on some space
missions are determined.

From this examination, a number of shortcomings of existing thrustors become
apparent. Reasons for these shortcomings are explained in terms of the basic
physical processes for each of the thrustor types. Research and development pro-
grams on these problems are summarized.

THRUSTOR PERFORMANCE

The criteria for good electric thrustor performance are Implied in many ar-
ticles on electric space propulsion. Some of these criteris are rather obvious,
while others are more subtle. Furthermore, not all are of equal importance in
each type of space mission. In evaluating the comparative performance of elec-
trostatic thrustors, it is necessary to define the performance criteria clesrly
so their individual effects on mission performance can be determined. The fol-
lowing sections are in the order of the criteria listed in reference 11, which

state that the electric thrustor must:

(1) Operate at a specific impulse dictated by mission analysis

(2) Convert electric power and propellant mass into thrust with high effi-
ciency

(3) Be compatible with the power-generation system

(4) Operate reliably and continuously for months or years

(5) Bave a low mass

(6) Have a physical size compatible with the vehicle and the booster

The effects of these criteria on mission performance will be illustrated by



combining an existing electrostatic thrustor with an imaginary electric power-
plant. The powerplant is assumed to be a nuclear-turboelectric type and 1s de-
fined to include all power-generation components except the electric generator,
the power-conversion equipment, the controls, and the switchgear. Two missions
will be used to illustrate the effects of the thrustor on mission performance, a
Mars orbiter mission and a Mars round-trip mission. Payload fractions for these
two missions are shown in figures 1 and 2 as functions of trip time and propul-
sicn system specific mass a (figs. 1 and 2 are taken from ref. 3). (All sym-
bols are defined in appendix A.) From these figures, it is evident that the
powerplant specific mass %pp must be small if the electric rocket is to be su-

perior to the chemical rocket or nuclear rocket. For this reason, a powerplant
specific mass of 4 kilograms per kilowatt is used for the Mars orbiter mission,
and one of 2.5 kilograms per kilowatt is used for the Mars round-trip mission in
the following mission analyses.

The electrostatic thrustor is an electron-bombardment type that uses mercury
vapor propellant. This thrustor was originally conceived and developed at the
NASA Lewis Research Center. TFor brevity, it is referred to as the reference
thrustor herein. This thrustor is described in several papers (e.g., refs. 12
to 14). A single module used for experimental research is shown in figure 3.

At the present time, this thrustor has the highest demonstrated efficiency of any
electric thrustor, and its durability has been sufficiently measured to allow a
good degree of confidence in predicting its performance 1n space flight. A de-
talled description of this thrustor is more appropriate in the section, Electron-
Bombardment Thrustors, so only the thrustor characteristics necessary to a sys-
tems study will be described in the discussion of thrustor effects on mission
performance.

Programed Specific Impulse

In an early study, Irving and Blum showed that optimum interplanetary trans-
fer trajectories for low-thrust vehicles involved the use of full power continu-
ously with wide variations in thrust magnitude and direction (ref. 15). The
Irving-Blum trajectories provide maximum payloads for a given trip time =
through minimization of the quantity (see appendix B):

where a denotes the ratio of instantaneous thrust and vehicle mass F/M, n is
thrustor efficiency, & is powerplant output power, and t is time. The mini-
mization of this integral is subject to the equations of motion in gravitational
fields and to the specified initial and final conditions. Subsequent analyses
have provided the parameters of the Irving-Blum trajectories for a number of
space missions (refs. 16 and 17).

With continuous full power but variable thrust magnitude, the specific im-



pulse must also vary throughout the trip, since (see ref. 18 and appendix B
herein):

- _ 1 _ 1
NP =Py err =3 FVy err = 3 Fel (1)

where 17 1s thrustor efficiency, Pj,eff is effective jet (exhaust) power, F is
thrust, Vi, eff is effective jet velocity, g, 1is gravitational conversion fac-
2

tor, and I 1s specific impulse, which is defined by

I=—2— (2)
gt ot

where ﬁtot is the total propellant mass flow rate. A typical specific impulse
program for optimized trajectories is shown in figure 4. It is evident that the
specific impulse must vary over a very wide range in these trajectories.

Existing electrostatic thrustors do not have the ability to operate over a
wide range of specific impulse. For thls reason, trajectorles have been calcu-
lated for constant thrust mesgnitude (but with variable thrust direction) with an
optimized coast phase in the middle of the heliocentric phase (refs. 19 to 21).
A typlcal constant specific impulse program is also shown in figure 4.

Now it is clear that 1f an electric thrustor can only operate at a constant
specific impulse, any loss in mission performance due to this shortcoming of the
thrustor must be charged against the thrustor. The loss in mission performance
can be substantial, as shown in figures 5 and 6 for the Mars orbiter and Mars

round trip, respectively.

The payload fractions for the Irving-Blum trajectories were determined from
information in references 16 and 17. The specific impulses shown on the Irving-
Blum payload fraction curves are those required for the Earth escape phase, which
are usuglly the lowest of the entire mission, as indicated in figure 4. The pay-
load fractions and specific impulses for the constant specific impulse trajecto-
rles were determined from unpublished trajectory analyses by J. S. MacKay, NASA
ILewls Research Center. Both the Irving-Blum and the constant specific impulse
trajectories are determined by numerical analysls so it is not possible to assign
an analytic (i.e., closed-form) figure of merit for the loss in mission perfor-
mance caused by & thrustor that is unable to operate with a variable specific im-
pulse. It appears that comparlsons of payload against trip time, such as those
in figures 5 and 6 are necessary.

In summary then, electric thrustors that cannot operate with a variable spe-
cific Impulse may cause substantial losses in mission performance. This is par-
ticularly true for fast interplanetary trips. Existing electrostatic thrustors,
such as the reference thrustor, must be charged with this loss. As will be dis-
cussed, some advanced electrostatic thrustor concepts hold promise for operation
with variable specific impulse. It is also possible that a program with a few
constant specific impulse steps might be a close approximation to the optimum
variable specific impulse program, in which case no serious loss would occur due
to inability to vary specific impulse continuously.
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Efficlency

The demonstrated efficiency of the reference thrustor 1s shown in figure 7.
Although the curve shown 1s actually the result of a theoretical calculation, ex-
perimental results have been obtained equal to - or exceeding - the values shown
over most of the range of specific impulse. Some explanation 1s necessary to de-
fine fully the thrustor efficiency n and the propellant utilization efficiency
Mg sShown in figure 7. The definitions used hereln are those of reference 18.

The various thrustor performance parameters are derived in appendix B.

The utilization efficiency ny 1s simply

-
my

My == (3)

Mot

where ﬁ+ is the mass flow rate of propellant actually lonlzed, or chargea, and
electrostatically accelerated to produce thrust. In essence, the utilization
efficlency defines the fraction of total propellant that is lost at thermal ve-
locities and thereby produces negligible thrust. Thils propellant, which leaves
the ionization chamber as neutral atoms, can have serious congequences on thrus-
tor durability, as will be discussed.

The thrustor efficiency is defined as

_ Fy,err

n= P (4)

where PJ off represents the power in the exhaust corresponding to the component

of motion’ parallel to the thrust vector and includes the effect of propellant
loss. From equations (1) to (4), it is evident that (see appendix B for a de-
tailed derivation):

n = yhp ()
where np 1is the thrustor power efficiency

L 2oy &

The Jet power Pj does not include the effect of propellant loss, but does ac-

count for the power loss due to nonuniform exhaust speed and the power loss due
to nonparallel exhaust velocity vectors.

The effect of thrustor efficiency on mission performance 1s shown 1n figures
8 and 9 for the Mars orbiter and Mars round-trip missions, respectively. It is
clear that the increase in powerplant mass necessary to make up for thrustor in-
efficiency can seriously reduce the payload. It is evident from inspection of
figures 5 to 7 that operation at a low specific impulse, such as that required



for the Earth escape phase of an Irving-Blum trajectory, would also result in
great loss in payload capacity. Ixact evaluatlion of the effect of the reference
thrustor ilnefficiency on Irving~Blum missions would require Incorporation of the
efficiency into the numerical analysis; however, an approximate analysis reported
in reference 22 shows that such payload losses would be very severe (see appen-
dix B).

Inasmuch as the reference thrustor has the highest efficiency of existing
thrustors in the range of interest of specific impulse, it 1s apparent that effi-
ciency constitutes a major problem for electrostatic thrustors. TFortunately,
there are a number of advanced thrustor concepts that have good promise of pro-
viding higher efficiencies.

Power Conversion

Electrostatic thrustors require high-voltage direct-current electric power.
Although it is possible to operate with alternating-current power, the perfor-
mance may be severely decreased with such operation (ref. 23). The reference
thrustor can use alternating-current power for some of its components, but the
major power requirement is for direct current at the voltages shown in figure 10.

This direct-current power could be supplied by varlous power-conversion
schemes coupled with the turbine shaft in the nuclear turboelectric powerplant:

(1) Rotating high-voltage electromagnetic generator with rectifier, con-
trols, and switchgear

(2) Rotating conventional-voltage electromagnetic generator with trans-
former, rectifier, controls, and switchgear

(3) Rotating high-voltage electrostatilc generator with integral rectifier,
controls, and switchgear

A recent analysis of power-conversion equipment in the 1000-kilowatt power range
has shown that, above 2400 volts, conventional low-voltage electromagnetlc gen-
erators with transformers will be lighter than high-voltage electrogenerators
without transformers (ref. 24). Since the reference thrustor requires voltages
higher than 2400 volts in the specific impulse range of interest, the high-
voltage electromagnetic generator will not be considered further here. Current
estimates indicate that an electromagnetic-generator power-conversion system
with a specific mass Ope of about 6.3 kilograms per kilowatt could be devel-
oped from present technology. With advanced technology, the analysis in refer-
ence 24 predicts a specific mass of 1.4 kilograms per kilowatt. This latter es-
timate is used herein to illustrate the effect of power-conversion equipment on
the payload of a Mars orbiter vehicle with the reference thrustor. The power-
conversion specific mass Ope must be divided by the thrustor efficiency, so

the payload loss is substantial, as shown in figure 11.

Because of the substantial loss in payload due to the mass of the power-



conversion system, advanced technology will be reguired if electric propulsion

is to be attractive. The analyses of references 25 and 26 indicate that a spe-
cific mass of 0.5 kilogram per kilowatt or less for electrostatic-generator
power-conversion systems might be attainable in the future. From inspection of
figure 9, it can be seen that power-conversion equipment that has a very low mass
will be necessary for electric propulsion systems intended for Mars round trips
or other difficult missions. To end with a final optimistic remark, it may be
possible to conceive and develop power-generation systems in which the powerplant
output voltage is directly matched to the thrustor so that no power-conversion
equipment is needed. The radiolsotope electrogenerator described in reference 27
is an example of such a powerplant design concept.

Durability

Missions, such as Mars orbiters and Mars round trips exhibited in figures 1
and 2, will require electric thrustors capable of operating for times up to 1 or
2 years. With the exception of one component (the cathode), experimental data
have provided adequate confidence in predicting a durabllity of 400 days for the
reference thrustor. It is expected that reliability problems will be solved by
laboratory tests and space flight tests such as those described in reference 28.

Specific Mass

Existing electrostatic thrustors are affected by ion sputtering erosion,
which limits the jet power per unit exhaust area for a given durability. On the
vasis of endurance tests (ref. 29), it is possible to estimate with confidence
the specific mass of the reference thrustor oyy for durabilities required by
the Mars orbiter and Mars round-trip missions. This estimate is shown in fig-
ure 12 and was determined from the actual mass and the exhaust Jjet power Pj of

laboratory thrustors. This specific mass does not include allowance for possible
component additions associated with long-lived cathodes, but this is not expected
to be a serious omission. By improved mechanical design, the specific mass might
be reduced to 70 percent of the values shown.

The effect of the reference thrustor speclfic mass on payload capacity is
shown in figures 13 and 14 for the Mars orbiter and Mars round-trip missions,
respectively. The reduction in payload capacility of the Mars orbiter mission is
not ag severe as that for the Mars round trip because a lighter powerplant is as-
sumed for the Mars round trip.

It is evident that exlsting electrostatic thrustors would constitute an un-
desirably high fraction of the overall propulsion-system mass. However, it is
expected that the specilific mass of the electrostatic thrustor will be reduced in
the future to a small fraction of the overall propulsion-system specific mass.



Size

Although thrustor mass is of greater importance, thrustor size may be a se-
rious consideration, particularly if inordinate size causes additional vehicle-
structure mass or problems in packaging for the boost phase. In this light, it
is of interest to examine the size of a reference thrustor array for a hypothet-
ical Mars orbilter vehicle launched into orbit about Earth with a booster about
the size of a Saturn-l. With such a booster, the electric space vehicle would
have an initial mass Mgy of about 9000 kilograms.

As a part of the analysis leading finally to figure 13, it was necessary to
find the optimum ratio PJ eff/MO and the optimum specific impulse for a given
trip time. Optimizatlion plots for the complete propulsion system (the bottom
curve in fig. 13) are shown in figure 15 in terms of payload and powerplant power
for the 9000-kilogram vehicle. In the estimate of the thrustor specific mass
(fig. 12), the effective Jjet power Pj,eff per thrustor module was determined
from the thrustor durabllity data, so that the number of thrustor modules could
be estimated. These results are also shown 1n figure 15. The reference thrustor
shown in figure 3 has an outer diameter of 20 centimeters, so a close-packed
array of 400 thrustors would have a diameter of about 4.2 meters. The dlameter
of the Saturn-1 upper stage is about 6.7 meters, so a fully assembled thrustor
array could be packaged directly inside the payload shroud.

From this simple analysis, it 1s apparent that existing electrostatic thrus-
tors are not excessively large. It is hoped that further research and develop-
ment will reduce them to even more convenient dimensions.

PRINCIPLES OF OPERATION

Electrostatic thrustors may be classified into three general types: (1)
electron bombardment, (2) contact ionization, and (3) colloidal particle. All
these thrustors operate with the same basic principle, that is, the acceleration
>f charged particles in an electric field, as illustrated in sketch (a).

Propellant High
potential7>\ rSpace
potential

TIonizer —

Electrons

it

Electric
power
generator -/




Electrons removed from the propellant particles are drawn from the high potential
charging chamber, or ionizer, by the electric powerplant and are injected into
the charged-particle exhaust. The charged particles merely fall through the po-
tential difference to obtain the desired exhaust velocity. The electrons must be
intimately mixed with the exhaust beam to neutrelize the space charge.

In the electron-bombardment reference thrustor, propellant atoms or mole-
cules are ionized by electron impact. A plasma results in the lonization cham-
ber. The ions are extracted from the plasma by virtue of the electric field in
the accelerator. Propellants of interest in present thrustors are cesium, mer-
cury, and heavy molecules (mass greater than 200 amu).

In the contact-ionization thrustor, atoms are ionized by surface contact,
evapcrated, and accelerated by the electric fileld. Cesium is the propellant of
interest.

The colloidal-particle thrustor is still in a state of basic and applied re-
search. There are a number of schemes for particle generation and charging,
which are discussed in the section, Colloidal-Particle Thrustor Schemes. Propel-
lant mass to charge ratios of less than 100,000 atomic mass units per electronic
charge are of interest.

Exhaust Beam Neutrslization

It is essentlial that the charged-particle exhaust be neutralized, particu-
larly since the accelerator i1s at or near space-charge-limited current density
(refs. 30 and 31). TFarly theoretical analyses predicted that beam neutralization
would be a serious problem; however, early experimental operation in vacuum fa~
cilities indicated that the exhaust beams were, in fact, neutralized (ref. 32).
In experiments reported in reference 33, Dr. J. M. Sellen showed that ion beams
10 feet long could be neutralized under conditions that closely simulated free
space. From these experiments, 1t appears that beam neutralization will not be
a fundamental problem. To obtain absoclute verification, beam neutralization will
be tested in the Sert-1 space flights described in reference 28.

The remaining neutralization problem appears to be the development of du-
rable neutralizers. The electron emitter should be only a few volts below the
potential of the neutralized beam. Because of space-charge-~limited electron cur-
rent, it is necessary to have a very short distance between the electron emitter
and the ion beam if the electron emitter is to have a reasonably small size. If
the electron emitter is directly immersed in the beam, it would soon sputter
away. Some shadow-shielded neutralizers have been found to operate satisfacto-
rily (refs. 34 and 35), but adequate durability has not been established yet.

Electrostatic Thrust

In early papers on electrostatic propulsion, Dr. D. B, Langmuir clearly
stated the principles of electrostatic thrust. As shown in references 36 and 37,
the thrust per unit exhaust area i1s directly proportional to the square of the
accelerator field strength E, (see sketch (b)) (mks units used throughout)
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i
I=7 B (7)

_-—Slope = Ep

Equation (7) only holds for space-charge-limited paraxial flow (i.e., Child's

Law).
Ep = (4/3) (9,/L).

It is of interest to note that for paraxial space-charge-limited current,
If the current density is less than the space-charge-limited

value, the nonzero field strength at the ionizer will produce a negative thrust

component.

To prevent electron backstreaming from the neutralized exhaust beam, the
accel electrode must be at a potential below that of the exhaust beam (i.e.,
space potential) as shown in sketch (c).
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In real thrustors, the decel electrode can be omitted; in this case, a "virtual
decel” equipotential will form downstream of the electrode (ref. 12). Also, in
real thrustors, the space-charge flow is not paraxial, so the present analysis
is idealized. With accel-decel, the thrust per unit exhaust area is (ref. 11)

net (8)

Electric Breskdown Limits

To obtain a reasonably high thrust per unit area, thrustors with atomilc ion
propellants must have very short accel lengths. In fact, submillimeter lengths
would be very desirable; however, from a practical viewpoint 1t appears that
accel lengths of a few millimeters may be minimum values. Since ¢, .+ 1is fixed
by the ion mass to charge ratio and the deslred exhaust wvelocity, 1t may be de-
sirable to operate the accel electrode at a potential much lower than that re-
quired to prevent electron backstreaming. Under these conditions, an appropri-
ate relation is

2 3/2

8. Qnet<®A> (9)
9 7% 12 \%net

| =

For a fixed accel length 1L and a specified net accelerating voltage &, the
thrust per unit area may be 1lncreased by using high ratios of @A/Qnet. In an
unpublished anelysis, J. H. Childs, NASA Lewis Research Center, has shown that
high-voltage breakdown might l1imit the thrust density of electrostatic thrustors
and that the Cranberg relation (ref. 38) might be used to establish such limits.
When the Cranberg relation, 0pE, = 1013, is used, the expression for thrust den-
sity becomes

(10)

Exhaust Jet Power Density

Because the full output of the electric powerplant is used throughout the
mission, the exhaust jet power density is a parameter of considerable interest.
Equations (9) and (10) may be used to form the following expressions for jet
power density:

3/2

P € 2/ @

- ?5-5%-(E) (—Jé-> v (space~-charge limited) (11)

A 12\ 2/ \Ppet

5/2

P. 2%
-4 - 10%6 ¢ (& —net + (electric-breskdown limited) (12)
A o\m) \ "o, .3
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These relations are shown in figure 16 for ®A/®net = 1.0, and for a range of
v/gC and m/q. Also shown are some values of &pot Tfor the more massive par-
ticles. Several qualifying remarks are appropriate: +the Cranberg relation is

an approximate curve fitted to electric-breakdown data obtained under good vacuum
conditions, while the vacuum conditions in existing electrostatic thrustors are
not very good. The Cranberg relation, however, is not an absolute limit;
electric-breakdown limits can be at the electron field-emission limit (109 V/m)
under ldeal conditions. With such contradictory factors, it is not possible to
state firmly the power density limits, so figure 16 must be used only as a guide
pending better breakdown data for thrustors.

Programed Specific Impulse

The variable specific impulse program for optimum trajectories illustrated
in figure 4 provides maximum payload capacity as shown in figures 5 and 8. It is
of interest, therefore, to examine the theoretical possiblilities for operating
electrostatic thrustors with such a programed specific Impulse. By inspection of
figures 5 and 6, & nominal lower limit of specific impulse of 4000 seconds is se-
lected. An upper limit of 40,000 seconds 1s assumed for purposes of discussion.
With thilis specific Impulse range, several alternate methods of obtaining a pro-
gramed specific impulse can be examined and compared.

Net accelerating voltages for a number of atomic ions are shown in fig-
ure 17. The alkali atoms were chosen merely because of their low ionlzation po-
tential, and mercury is included because of 1ts high mass. From figure 17, it
is evident that progremed specific Impulse operation with any one of the propel-
lants would require a very large range of voltage output from the power-
conversion system., TFurthermore, the atomic ion propellants with lower mass have
very low exhaust power densitles as indicated by equation (11). If a single pro-
pellant of those indicated in figure 17 were used, it would have to be mercury or
cesium, both of which require very high voltages at high specific Impulse. For
example, a cesium propellant thrustor would require a range of voltages from 1000
to 100,000 volts, which would certainly require a heavy power-conversion system.

The problem of large voltage range might be alleviated by using a series of
propellants in the same thrustor as 1llustrated in figure 18. The lower voltage
was selected as that for which a specific impulse of 4000 seconds could be at-
tained with mercury. The upper voltage was selected to provide a continuous spe-
cific impulse transition when switching from sodium to lithium; that is, the
lithium curve in figure 18 intercepts the lower voltage at s v/gc of about
21,400 seconds, and at this v/gc, the voltage for sodium is about 5200 volts,
which 1s chosen as the upper voltage.

The exhaust jet power density for the voltage variation shown in figure 18
is shown in figure 19. The theoretical exhaust power densities shown in fig-
ure 19 are based on an accel length of 2 millimeters, which seems to be a prac-
tical lower limit. The power densgity increases with QA/Qnet: 80 a fixed value
of ®A/®net = 2 was assumed. The ratioc @A/Qnet was assumed constant, since
ion trajectories might Intercept electrodes if the accelerator potential field
contours are changed too much. The exhaust power densities shown in figure 19
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vary from about 270 to 28,000 kilowatts per square meter, so that the smallest
thrustor module would require an area of about 1/100 of the total thrustor array.
Other propellant combinations are possible if the upper voltage is raised. The
various combinations are summarized in the following table:

Propellants Lower Upper |[Relative area of
voltage |voltage {smallest module
- Hg, Rb, K, Na, Ii| 1580 5,200 1/130
Hg, Na, Li 1580 {14,000 1/3500
Hg, Na 1580 |18,000 1/6300
L _ ] .

As stated in appendix B, full power should be used throughout the flight 1f
maximum payload is to be obtained. The minimum power density in flgure 19 occurs
at the lowest specific impulse. The total lon exhaust beam area of the array of
lon-thrustor modules 1s therefore set at this lowest specific impulse. An excess
of exhaust area i1s avallable at higher Impulses, so that the mode of operation is
not rigidly fixed. Operation at constant perveance would result in a small num-
ber of operating modules at higher speciflc impulses. At the other extreme, con-
sideration of charge-exchange erosion would indicate that all modules in the
array should be operated at reduced current density (and perveance) at high spe-
cific impulses. The thrustor modules in the total array could be individually
controlled or could be divided into control groups. It appears that operation
of atomic ion thrustors with a programed specific Impulse would entail consider-
able complication in the power conversion, the controls, and the propellant feed
systems. This complication would probably lncrease the specific mass of the
overall propulsion system and would undoubtedly decrease the reliability of the
system.

Another possible method for thrustor operation with a programed specific im-
pulse 1s the use of colloidal particles for propellant. In principle, colloidal
particles might be generated in flight with a controlled size and mass over a
very large range. From inspection of figures 16 and 17, the Cranberg-relation
limit is reached for particles with greater than 200 atomic mass units per elec-
tronic charge for the specific impulse range of Interest. High power densities
are possible with operation at this limit; however, as shown in figure 20, a con-
siderable range in particle mass to charge ratlo i1s required for the specific im-
pulse range of 4000 to 40,000 seconds. This range of particle mass could be re-
duced somewhat by varying the net accelerating voltage, but it seems probable
that a fixed value of 0,4 Wwould be preferable.

The particle mass to charge ratio and the exhaust jet power density for g
600-kilovolt 10-centimeter thrustor are shown in figure 21. Because the accel
length is not limited by practical conslderations as in the atomic ion thrustor,
the theoretical power densities for the colloidal-particle thrustor are about
10 times greater than those for the atomic lon thrustor. The ramifications of
this high power density on thrustor specific mass and size are obvious; however,
this imasginary thrustor could well remain imaginary, since the mass to charge
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range includes the unexplored region lylng between currently obtainable colloidal
particles and heavy molecules.,

The difficulties with operation alt programed specific impulse discussed
herein have been given merely a cursory theoretical treatment. It is likely that
practical engineering problems will rule out such operation in the foreseeable
future. A reasonable compromise may be an approximation to the Irving-Blum spe-
cific impulse program. As shown in figure 4, the high thrust occurs in the por-
tions of the mission near the Earth and the other planets. The central portion
of the heliocentric phase is at such a high specific impulse that it seems rea-
sonable to expect that the impulse given to the vehicle in this portion is sliight
compared with the other portions. For example, in figure 4, omission of the
thrust program above a specific Impulse of 15,000 or 20,000 seconds would prob-
ably cause only a slight reduction in payload. ZFrom another viewpoint, the cen-
tral portion might be replaced with a constant specific impulse at 15,000 sec-
onds, for instance; the propellant consumption is so slight at these specific im-
pulses that little payload should be lost. An even more approximate program
would be one wherein only two or three levels of constant specific Impulse would
be used. Approximate specific impulse programs such as these have not been ana-
lyzed yet; however, the potential savings in thrustor performence and in the spe-
cific mass and the reliabllity of power conversion, controls, and propellant feed
systems provide Jjustification for such analytic work.

PRESENT STATUS

The preceding sections have presented the background of mission, system, and
operational problems against which the present status of electrostatic thrustors
must be evaluated. The order in which the thrustdrs are reviewed is: (1) elec-
tron bombardment, (2) contact ionization, (3) colloidal particle. Particular
attention 1s given to the thrustor components that are mainly responsible for
performance shortcomlngs.

Electron-Bombardment Thrustors

A typilcal electron-bombardment thrustor is shown in figure 22. Energetic
electrons, contained by electric and magnetic filelds, are used to lonize atoms in
this thrustor. Production of ilons by electron bombardment is not a new concept,
but previous electron-bvombardment lon sources that produced sufficient ion cur-
rent to be of interest for electric propulsion (such as ref. 39) had current den-
sities too high to be transmitted by practical accelerator systems. The contri-
bution of references 12 and 40 wes primarily an electron-bombardment lon source
that matched the current~density requirements of a long-lived electrostatic ac-
celerator system operated in the speciflc Impulse range of Interest.

The performance of the electron-bombardment thrustor obtained 1n the inltial
investigations showed substantial advantages compared with other ion thrustors of
that period (ref. 41). Because of these advantages, a sustained research program
on this type of thrustor has been conducted at Lewis. More recently, contractual
work with private industry has augmented this work (refs. 42 to 44).

14



The propellant in the electron-bombardment thrustor is vaporized and passes
through the distributor into the ion chamber. In the ion chember, the propellant
is bombarded by electrons from the cathode. The collisions of electrons with the
propellant atoms are enhanced by an axial magnetic field, which prevents the
rapid escape of electrons to the anode. Escape of electrons to the ends of the
lon chamber is prevented by operating these ends at the same potential as the
cathode. Some of the propellant becomes ionized by the bombardment of electrons,
and some of these ions arrive at the screen and are accelerated into the ion
beam. (The ions that are not accelerated into the ion beam recombine with elec-
trons at the walls of the lon chamber.) An electron source (not shown in fig.
22) then neutralizes this ion beam. As 1s true with all electrostatic thrustors,
neutralization requires both equal magnitudes of positive and negatlve currents
(current neutralization) and equal densitles of both specles in the ejected beam
(charge neutralization).

The problem areas of this type of thrustor can be divided into those of the
ion chamber, the magnetic field, the cathode, the accelerator, and the neutral-
izer. These problem areas are discussed in this order in the followlng sectilouns.

Ion chamber. - Following the initial investigations of references 12 and 40,
an extended investigation was conducted to determine optimum lon-chamber geometry
(ref. 45). The optimum geometry was found to be a cylindrical ion chamber with
a length approximately equal to the diameter, where the anode length is nearly
equal to the ilon-chamber length. Some optimization of distributor design was
found desirable for each combination of current density and specific Impulse.

The ion chamber was otherwise found to be insensitive to small changes in geome-
try; after extended testing, the optimum geometry did not differ greatly from the
best geometry reported in reference 40. With a good geometry and mercury as the
propellant, the discharge power 1s equivalent to about 500 electron volts per
beam lon at 80-percent propellant utilizatlon. The energy per beam lon is ap-
proximately the anode current multiplied by the anode to cathode potential dif-
ference, or more accurately, the difference between the ancde and the ion beam
currents should be used as the current. At very low utilization efficiency (O
to 40 percent), this energy drops to about 300 electron volts per beam ion; at
90 percent, 1t rises to about 800 electron volts per beam ion. Some development
igs required to obtain this level of performance, but it has been obtained many
times, and frequently exceeded. In addition to changing the propellant-
distributor design, the accelerator geometry may also have to be changed; this
is discussed in the section, Accelerator.

The standard Jperating condition for references 12, 40, and 45 was with a
50-volt potential difference between the anode and the cathode in the ion cham-
ber. This potential difference resulted in 5 to 10 percent of the ions leaving
the ion chamber being doubly lonized, which would correspond to a thrust loss of

L% to 3 percent and an efficiency loss of 3 to 6 percent (ref. 46). Dropping the

ion~-chamber potential difference to 30 volts had little effect on the discharge
energy per beam ion, but the percent of doubly lonized lons was found to decrease
to 2 to 5 percent. This reduction in potential difference effected a beneficlal
reduction in cathode sputtering.

Cesium has been investigated as a propellant for an electron-bombardment
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thrustor designed by R. C. Spelser of Electro-Optical Systems, Inc. (ref. 42).
(A photograph of this thrustor is shown in fig. 23.) The results obtained with
this thrustor indicate that a somewhat lower discharge energy per beam ion can
be expected with cesium as the propellant (about 400 ev/ion at 80-percent utili-
zation, and 600 ev/ion at 90 percent). Even with the lower discharge power, the
lower atomic weight (and therefore lower @net) of cesium would result in lower
englne efficiencies unless additional power savings were made elsewhere. Such
additional power savings are possible (see the section, Cathode).

Some Improvement in lon-chamber performance might be obtained through ion-
chamber accelerator interactions, as 1s discussed in the section, Accelerator.
It is felt, though, that near-optimum geometry has already been obtained for the
ion chamber and that further Improvements would be small and difficult to
achieve. From examination of laminsr plasma theory, further increases in ion-
chamber performence might be expected to stem from increases 1n magnetic field
strength. The experimental results, however, do not support this conclusion.
The variation of ion-chamber discharge losses (per beam ion) as a function of
magnetic field strength is shown in reference 45 for & particular configuration
and reproduced in figure 24. The losses do drop off with increasing field
strength at low values of the latter, but a critical field strength is soon
reached where further loss reductions become negligible. Analysis of the various
loss mechanisms leads to the conclusion that high-energy electrons must be escap-
ing to the anode before imparting most of their energy to the ionization process.

Although the investigation of reference 47 was conducted with a plasma
source, the results are believed to be qualitatively applicable to an electron-
bombardment thrustor. As shown in figure 25(a) (taken from ref. 47), for con-

- stant propellant flow and discharge conditions, the lon production as indicated
by the ion number density, first increases with magnetic field strength. At some
point, the ion density stops increasing with magnetic field and remains nearly
constant, similar to the results shown in figure 24. Nolse measurements also
made in reference 47 show a rapld increase in ion-chamber noise as the magnetic
field is increased beyond this critical point. Although the noise measurements
of figure 25(b) were actually made somewhat downstream of the source, other meas-
urements made in the investigation of reference 47 indicate that the noise ampli-
tude is about twice as large inside the ion chamber. The present interpretation
of these results is that transition from a laminar to a turbulent plasma starts
to occur where the ion production stops lncreasing (ref. 48). Turbulent fluctua-
tions, or electric waves, in a plasma can be just as effective in aiding diffu-
sion of electrons across a magnetic field as collisions with individual parti-
cles. Further increases 1n magnetic field strength thus serve to increase the
turbulence level but not the electron contaimment.

An investigation conducted by the NASA Jet Propulsion Laboratory with an
electron-bombardment thrustor of the design shown in figure 26 is reported in
reference 49. In this investigation, conducted with mercury as the propellant,
the electron population in the ion chamber was found to consist of a high-energy
group with an upper energy corresponding to about the total anode to cathode po-
tentisl difference; s low-energy near-Maxwelllan group with a mean energy some-
what below the excltation potential. With cesium as the propellant, -however,
only a single Maxwellian population was found (ref. 42). Thils difference in
plasma state can be explained in terms of two competing processes for electrons
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leaving the cathode. These processes are energy loss due to inelastic collisilons
with atoms (and some ions) and energy loss due to coulomb collisions with low-
energy electrons. The investigation with mercury was conducted wilth a 40-volt
discharge. Comparison of cross sections and number densities indicates that in-
elastic collisions with atoms are several times as effective as coulomb colli-
sions for slowlng down the electrons from the cathode. Although other factors
also contributed to the electron population change with cesium, the most impor-
tant factor was the lower discharge potential difference (6 to 12 v). The low-
ered energy of electrons from the cathode results in more than an order of magni-
tude increase in coulomb cross section. The time for these high-velocity elec-
trons to lose energy (and become indistinguishable from the low-energy group) is
greatly reduced by this change in cross section. Therefore, the inability to de-
tect a high-velocity group in reference 42 is not surprising. Although operation
with mercury is not efficient below about a 30-volt discharge, an essentially
Maxwellian distribution was also found in reference 49 at 20 volts.

No problems were encountered concerning durabllity in the ion chamber (with
the exception of the cathode, which is treated in a separate section) even though
material as thin as 0.010 or 0.015 inch was used for various parts.

Magnetic field. - The problem that has been assoclated with the magnetic
field in the past has been a compromise between weight and power. Solenoidal
windings on research thrustors, where weight is unimportant, can be qulte heavy
and have correspondingly low power losses. Such windings may weigh as much as
10 pounds for a thrustor with a lO-centimeter-diameter beam and have only a 50-
watt power loss. On the other hand, a flight-type thrustor may have a field
winding that welghs only 1 pound, but a power requirement of zZ00 watts.

A recent paper (ref. 14) indicates a solution to the power-weight problem.
The permanent-magnet design investigated in reference 14 has a mild steel dis-
tributor plate and screen, with permanent magnets positioned between the two
(see fig. 3). As shown in reference 45, lon-chamber performance 1s Improved when
the field strength at the screen 1s less than that at the distributor. The dis-
parity in sizes of the two pole pieces (distributor and screen) shown in figure 3
is one means of obtaining this difference in fleld strength.

Except that no field power was required, the permanent-magnet electron-
bombardment thrustor operated in a normal manner. Extended operation and cy-
cling, conducted since reference 14 was published, have resulted in no slgnifi-
cant change 1n magnetic field strength. The only adverse results are a lack of
flexibility, which is of interest mainly in research, and decreased thermal
structural stability of the mild steel screen compared with the molybdenum screen
it replaced. More careful design for thermal expansion effects should be an ade-
quate solution to the structural stability problem.

One of the most important virtues of the permanent-magnet design of refer-
ence 14 1s its low weight. The total weight of the permanent-magnet thrustor is
1.4 killograms, which is almost exactly the welght of a flight-type thrustor of
the same size (10 cm-diam. beam) that employed a high-loss low-weight solenoildal
winding.
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Cathode. - Both power and lifetime problems are associated with the cathode.
The early electron-bombardment thrustor experiments at Lewls were conducted with
tantalum and occasionally tungsten cathodes. Although pure tantalum has severe
power and durabllity problems, it is very easy to use and gives reproducible re-
sults. A desired lifetime with tantalum is achieved simply by supplylng suffi-
cient cathcde material to offset sublimation and erosion. From tests with tanta-
lum strips at Lewis (ref. 50), it appears possible to use tantalum for attitude-
control thrustors where the actual operating time may only be 1000 to 2000 hours,
and efficiency is not of primary importance. For main propulsion systems with
anticipated lifetimes of perhaps 10,000 hours, tantalum cathodes are out of the
question. Tungsten, with electron-emission characteristics similar to tantalum,
would also be unacceptable.

. A more promlsing type of cathode uses alkaline-earth carbonates in a com-
posite structure with a chemically inert metal. The metal provides a structural
matrix to hold more of the emitter materlal than could be applied wilth Jjust a
coating on the outer surface. A nickel-matrix cathode presently under develop-
ment by Ion Physics Corporation was operated in the electron-bombardment thrustor
of their design (fig. 26) for perlods up to 300 hours (ref. 43). Investigations
have been conducted at Iewis with another type of metal-matrix cathode. One test
at Lewis in a simulated thrustor (a complete thrustor except for the accelerator)
had a duration of more than 1600 hours. The heater power increased with time,
going from about 15 to 30 watts per emitted ampere at the end of 1600 hours. The
performance obtained to date indicates that good efficiency for a 10,000-hour
life may be within the state of the art for this type of cathode.

Another type of cathode to be considered 1s the autocathode, which 1s under
development by Electro-Optical Systems, Inc. in conjunction with the electron-
bombardment thrustor of thelr design (fig. 23). When the cesium propellant is
used to provide a low work function surface and ion bombardment (from the sur-
rounding plasma) for heating, a long-lived cathode is obtained that requires no
external heating power. A typical autocathode from reference 42 is shown in

sketch (d).
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The ion-chamber potential difference with cesium as the propellant can be suffi-
ciently low so that cathode sputtering i1s not a problem, and the temperature of
a ceslum-coated cathode can be so low that sublimation of the base metal should
be negligible. Thus, there should be no major obstacle to the attaimment of a
10,000-hour lifetime, or even longer, with this type of cathode. The only short-
coming associated with the use of the autocathode is the lncreased charge-
exchange cross section of cesium, which affects accelerator durability (see the
section, Accelerator).

The ion chamber, the magnetic fileld, and the cathode, the major sources of
losses in a well-designed electron-bombardment thrustor, have now been discussed.
For a fair estimate of the performance that can be expected, with mercury as the
propellant, an electron emitter loss of 20 watts per emitted ampere, a 30-volt
lon-chamber discharge, and the discharge losses quoted in the section, Ion
chamber, may be used. An additional l-percent jet thrust loss may be assumed for
Impingement and off-axis velocity effects. The performance calculated with these
assumptions was presented in reference 13, and is shown in figure 27. A trade-
off can be made between lon-chamber and propellant-utilization losses. The op-
timum utilization (for efficilency) is shown in figure 27. Although a minimum
power to thrust ratio of about 100 kilowatts per pound 1s shown in figure 27,
operation below about 4000 seconds is difficult because of accelerator current-
density limltations. A power to thrust ratio of about 150 kilowatts per pound
would therefore be a more realistic lower limit. Similar calculatlons were made
for cesium as the propellant. The assumptions were the same, except that the
lower discharge losses of cesium were used and & 20-volt discharge was assumed.

A small cathode power loss of 5 watts per emitted ampere was assumed so that
better control of the dilscharge could be obtained than with an autocathode. The
optimum efficlency obtained with cesium was about 1 percent higher than that
shown in figure 27, and the optimum utilization was alsoc increased 1 to 2 percent
over that of figure 27.

Accelerator. - The problem posed by the accelerator is primarily one of du-
rability. A thorough study of accelerator configurations for the electron-
bombardment thrustor was conducted at Lewis and 1s presented in reference 51. As
shown In reference 51, operation well below space-charge limitations with a care-
fully alined accelerator system can result in impingement currents that are es-
sentially due to charge exchange alone. Later tests at Lewls (ref. 29) have
verified this conclusion. (With mercury as the propellant, the ilon-impingement
and accelerator-draln currents are substantially equal. Therefore, the measure-
ment of ion impingement with mercury is much simpler than with cesium.)

As shown in reference 29, the accelerating system of existing l1O-centimeter-
diameter-beam thrustors should last 10,000 hours at a specific impulse of
4000 seconds and a propellant utilization of 76 percent, if the current of mer-
cury ions does not exceed gbout 0.13 ampere. This lifetime corresponds to a
total ion impingement of 3.3 ampere-hours, which is sufficient to erode through
the thinnest sections of the accelerator. The variation of lifetime £ with
ion beam current Jp and propellant utilization mny is of the form

Ty 1

U1 (13)
L - My 5§

£
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when charge exchange is assumed to be the primary cause of accelerator impinge-

ment. The effect of specific impulse on lifetime is alsc of interest; however,

since different combinations of net accelerating potential difference Ppet and
propellant utilization can yield the same specific impulse, the lon energy (and

hence sputtering damage) does not have a unique relation with specific impulse.

In order to obtain a working relation for the effect of specific impulse, near-

optimum utilization efficiencies are assumed, as shown in figure 27. The life-

time proportionality thereby obtained is

£ 2\ I

n 1.13

« U 1 4000> (14)
l“n J2

B

Using the lifetime data at 4000 seconds from reference 29 for a 1l0-centimeter-
diameter-beam thrustor allows the determination of a constant of proportionality.
The maximum ion current for this size thrustor is thus

1/2
U - L 4000)1'13 (15)
Bl &£ \T-mg\ I

where [ 1s the lifetime in days. This equation, together with a single module
weight of 1.4 kilograms was used to calculate the weight and size figures for the
electron-bombardment thrustor shown in the section, THRUSTOR PERFORMANCE (figs.
12 and 15, respectively). Any desired lifetime can be obtained simply by reduc-
ing the ion beam current to a small enough value. The efficlency of an electron-
bombardment thrustor, unlike that of a contact-lonization thrustor, is not a
function of current density. The only adverse effect of lowering the ion current
density 1s the increased size, and hence welght, of the thrustor.

The effect on the accelerator lifetime of changing the propellant to cesium
can be determined by comparing charge-exchange cross sectlons and atom to ion
sputtering ratios for cesium and mercury (refs. 29, 52, and 53). The charge-
exchange cross section for cesium is two to three times as large as that for mer-
cury. The effect of the larger charge-exchange cross section for cesium, though,
is almost balanced by & reduced sputtering (using molybdenum for both). If these
two factors are assumed to balance, the only effect left would be that of charge
to mass ratio. For the same accelerator spacing, the exhaust jet power density
with cesium would only be 0.44 of that with mercury (see eq. (9)). As was shown
in the section, THRUSTOR PERFORMANCE, the thrustor weight can be a large fraction
of total vehicle weight, and a S50-percent increase might cause considerable dif-
ficulty. Since the acceleration voltage for a glven specific impulse will be
less with cesium, closer accelerator spacings presumably might be obtained with
cesium and thus lead to reduced charge-exchange impingement. But the thrustor
weight is greatest at low specific impulses, where the same minimum practical ac-
celerator spacing will probably be used for both cesium and mercury. Thus, al-
though the use of ceslum gives the best prospects of a long-lived cathode, it
will probably cause substantlal increases in thrustor weight at low specific im-

pulses.

The final toplc for the accelerator section concerns the interaction with
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the ion chamber. Using data for the various accelerator confiligurations investi-
gated in reference 51 shows substantial effects of accelerator configuration on
ion-chamber performance. In general, the greater the percentage open area in the
screen, the thinner the screen; or the greater the accelerating potential differ-
ence, the lower the lon-chamber discharge power that will be required. One as-
pect 1s certainly the loss of lons due to collision on the screen. Changing the
variables in the direction indilcated will tend to reduce these collisions. It is
difficult, though, to explain all the observed interactions in terms of ilon-
screen collisions. The electric field from the accelerator system apparently can
influence ion motion in a substantial portion of the ion chamber. Far more, for
example, than would be indicated by a calculation of Debye shielding distance
(less than 0.1 mm). 1In any event, the accelerator configuration can have a sub-
stantial effect on ion-chamber performance. This effect should be considered
when optimum performance is desired.

Neutralizer. - The neutralizer poses a special, though not insurmountable,
problem with an electron-bombardment thrustor. The edge of the ion beam from an
electron-bombardment thrustor 1s generally difficult to define since the lon beam
current density usually decreases rapldly near the outer edge of the beam. Sim-
prly bringing the neutralizer up to the edge of the beam is, therefore, unsatis-
factory for a long-lived neutralizer - elther because of poor perveance (from the
neutralizer to the beam), ion Impingement, or both. A shlelded neutralizer
placed well within the beam would be more satisfactory. The shieldlng can be ac-
complished either by covering some of the holes in the accelerator system, or by
placing a heavy shield immediately upstream of the neutralizer. Both shielding
methods were used together in an investigation reported in reference 34. An es-
timated 1ife of 25 hours was obtained for one of the shielded configurations in-
vestigated. This short lifetime was probably the result of charge-exchange lons
formed near the neutralizer. Since the potential difference between the neutral-
izer and the exhaust beam plasme was over 50 volts for this configuration, these
charge-exchange ions were sufficlently energetic to cause considerable sputtering
erosion. A better shielded neutralizer design, with only a 10- to 20-volt poten-
tial difference between 1t and the beam, should have no trouble reaching any de-
sired lifetime.

Contact-Ionization Thrustors

The basic concepts of the contact-lonization thrustor were first presented
in excellent papers by Dr. E. Stuhlinger in 1954 (refs. 54 and 55). Since the
beginning of active experimental work on electric thrustors in 1957-58, a major
share of electric-thrustor research and development has been devoted to the
contact-ionization thrustor.

The central distinguishing feature of this thrustor is the method of ioniza-
tion of propellant atoms. Stuhlinger noted that alkali metal atoms such as
cesium could be ionized with high probability on surfaces with high work func-
tions such as tungsten, and then could be accelerated with an electrostatic field
as illustrated in sketch (e).
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The early work on the contact-ionization process by Langmuir, Becker, and others
showed that the cesium-tungsten system provided ionization probabilities as high
as 99 percent. In order to preserve the high work function, however, it was
necessary to allow only a small fraction of a cesium monolayer on the tungsten
surface. This was accomplished by maintaining the tungsten surface at a high
temperature (1300° to 1500° K).

The high temperature causes a considerable thermal radiation loss, thereby
reducing the thrustor efficiency (by increasing the power &) as shown by equa-
tion (B). To obtain a reasonable efficiency, a high ion beam power per unit area
must be attained. In equation (11) it was shown that lon beam power density may
be limited by minimum practical accel distances. For a fixed accel distance, ce-
sium provides a higher exhaust beam power density than the other alkali metal
atoms by virtue of its higher atomic mass.

For the reasons of highest ionization probability and highest beam power
density, the cesium-tungsten system has been generally accepted as the best for
the contact-ionization thrustor. From such optimistic beginnings, contact-
ionization thrustors have progressed through much research and development and
stand today as nearly flight-worthy devices.

A contact-lonization thrustor 1s under development at Electro-Optical Sys-
tems, Inc., The progress and performance of this thrustor are described in refer-
ences 568 to 61, and a photograph of one of the design versions is shown in fig-
ure 28. Another concept of contact-ionization thrustors 1s under development at
Hughes Research Laboratories, Inc. The progress and performance of this thrustor
are described 1n references 62 to 66, and a photograph of one of the design ver-
sions is shown in figure 29. Since both of these thrustors have the cesium-
tungsten system and are based on other common fundamentals, they will be dis-
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cussed concurrently herein.

General design. - The EOS (Electro-Optical Systems, Inc.) and Hughes (Hughes
Research Laboratories, Inc.) thrustors both have porous-tungsten ionizers. By
virtue of its own vapor pressure, cesium diffuses through the pores of the ion-

izer and is ionized predominately by conmtact on the "downstream" face of the lon-
izer as illustrated in sketch (F).
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The cesium ions are then accelersted by the electrodes shown. The cesium ions
are singly charged, so their final speed is uniform.

The majJor power loss In these thrustors is due to thermal radiation from the
ionizer. Conduction heat loss has been minimized, and the "upstream" side of the
ionizer and propellant feed manifolds are well insulated to minimize thermal rag-

diation loss in that direction. The accel length has been made as short as pres-
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ently possible and is a few millimeters in both the EOS and Hughes thrustors.

The ion beam power density is inversely proportional to the square of the accel
distance (eqg. (11)). High beam density is particularly important in contact-
ionization thrustors because the beam power density must be large with respect to
the thermal radiation loss in order to obtaln reasonable efficiencies (see appen-

dix B)

1 1
np = = (16)
1+ %é% 1+ _@Zé_

J®net

where Q/A is the thermal radiation loss per unit ionizer area and Jj i1s the
ion current density. Equation (16) is only approximste; exact expressions are
given in reference 18 for a number of analytic space-chargé flow geometries.

As shown in flgures 28 and 29, the EOS thrustor consists of an array of ion-
izer buttons and circular exhaust apertures, while the Hughes thrustor consists
of concentric annular ionizers and exhaust apertures. Both the thrustors have
concave lonizer surfaces, but have different electrode shapes. The neutralizer
designs are also different.

Ton optics. - With the use of ion trajectory focusing at the lonizer, both
the EOS and Hughes thrustors are believed to have satisfactory ion optlics. 1In
both thrustors, the ion beam is focused so that the edge of the beam is a finite
distance from the accel and decel electrodes. The Hughes thrustor electrodes
have been designed with an electrolytic-tank analog computer, which includes
simulation of space charge. Ion trajectories obtained from this computer clearly
show that electrode systems can be designed in such a way that a space exists be-
tween the beam edge and the electrodes. This conclusion is independently sup-
ported by the space-charge-flow solutions obtained with & digital computer for an
electrode configuration similar to those of the Hugheg and EOS thrustors (ref.

687).

Direct impingement of primary lons is masked by impingement of charge-
exchange lons and by electron emission from the accel electrode. Drain currents
in the gccel electrode may be as high as 15 percent of the ion beam current at
ion current densities of 250 amperes per square meter (ref. 67). A recent theo-
retical analysis (ref. 68) shows that electron-emission currents from the accel
electrode may be very high fractions of the cesium ion current. Neutral cesium
atoms from the lonizer can form a layer on the accel electrode, thereby producing
a low work function surface and resulting in high electron-emission currents.

The analysis predicts that either cooling or heating the accel electrode a few
hundred degrees Kelvin will reduce the electron-emission current to a negligible

level.

Analog and digital computer solutions indicate that departure from space-
charge-limited flow may result in excessive over-focusing of the ion beam, re-
sulting in substantial direct ion impingement on the electrodes. This effect is
of particular consequence when thrustors are operated at off-design specifilic im-
pulse as discussed in the section, Performance status.

Digital computer solutions of space-charge-flow geometries similar to the
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BEOS and Hughes thrustors show that a considerable wvariation of lon current den-
sity may occur across the lonizer surface if the current is space-charge limited
everywhere at the emitter (ref. 67). This variation in current density is due to
the presence of the open exhaust aperture and the design difficulties of acceler-
ator geometries with high perveance. If real thrustors were operated with such
current density profiles, the cesium flow rate through the porous lonizer would
have to be carefully controlled at each point on the ionlzer. Flow control by
variation in porous-ionizer thickness appears to be a formidable fabrication
problem because of the small size of the lonizer. An alternative solution of
this problem is the use of uniform cesium flow across the ionizer, which would
result in large portlons of the accelerator operating at less than space-charge-
limited current. This, in turn, would result in a substantially reduced exhaust
power density.

Charge exchange. - The exchange of charge between primary ions and neutral
atoms was recognized as a serious problem in early papers (e.g., ref. 56). Al-
though the cesium-tungsten system has a very low emisslon rate of neutral cesium
atoms under ideal conditions, the neutral atom emission is not negliglble in real
thrustors; this will be discussed in the section, Ionizer. With an appreciable
concentration of neutral cesium atoms, excessive sputtering erosion of the accel
electrode can occur as illustrated in sketch (g).

\ D

/

Primary particle trajectory-
\

\
rCharge-exchange
ion trajectory

\ \

(g)

The neutral cesium atom exchanges charge with a primary ion. The charge-exchange
ion is formed in a position in the potential field such that it may fall into the
accel electrode. Recent results from an electrolytic analog computer show that
only a portion of the accel-decel volume will contribute to charge-exchange im-
pingement on the accel electrode (ref. 44). The region that produces charge-
exchange interception for g particular electrode configuration is shown in fig-
ure 30.

As pointed out in references 29, 52, and 56, the sputtering erosion of the
accel electrode will be a function of the ilon type, the ion energy, the electrode
material, the volume of charge-exchange region, the neutral atom concentration,
and the atom to ion charge-exchange cross section
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f=K=e—— === (17)

where £ is the durability lifetime, ¢ is the charge-exchange cross sectilon,
Ty is the utilization efficiency, J 1s the primary ion current density, V 1s
the volume of the charge-exchange region, and Y 1I1s the sputtering yleld in
atoms per ion. Equation (17) is only approximate; an exact expression would in-
clude a detalled integration throughout the volume V (ref. 52). '

Since the durability of contact-ionlzation thrustors has not been fully es-
tablished, 1t is of interest to estimate the durability of their accel electrodes
on the basis of the data of reference 29. If it is assumed that equal accel
electrode durability is required, that the volumes of the charge-exchange region
and the accelerator designs are the same, that O = ex10-15 square centimeter

(ref. 29), and that opg = 2x1071% square centimeter (ref. 52), then

0.5 0.5 0.5
J T -1 M
Ls) o 0.55<YHg ( U> T v (18)
JHE /g Cs W Jgg \7 7 /e

From reference 29, Yﬁg = 1.5 atoms per ion for 5000 electron volts of singly
charged mercury ions incldent on molybdenum. The EOS thrustor has copper accel
electrodes because sputtered atoms of copper cannot contaminate the lonizer (the
melting point of copper is less than the ionizer operating temperature). From
reference 52, YCS = 6 atoms per ion for 5000 electron volts of singly charged
cesium lons incident on copper. For the same accel potential @y

0.5 0.5
Jes Loy g
:_]—— = 0.27|— T (19)
He/o o Hg U/cs
With this expression, it 1s possible to estimate the comparative performance of

the contact-ionization thrustor and the reference electron-bombardment thrustor
previously described.

The durability of the electron-bombardment thrustor shown in filgure 12 1s
limited by the current density at the center of the accel electrode plate, which
is about three times the average current density of the module. By applying this
correction, it is possible to make & rough estimate of the allowable exhaust jet
power density of a comparable contact-ionization thrustor. The results of this
estimate are shown in figure 31 for an accel electrode durabllity of 400 days.

It was assumed that Yﬁg and. YCS are proportional to @2-7. If beryllium or

aluminum could be used for the accel electrode in the contact-ionization thrus-
tor, it might be possible to double the power densities shown in figure 31l. The
low power densities shown in figure 31 could have a seriously adverse effect on
thrustor size and specific mass. An even worse conseguence exlsts with regard to
thrustor efficiency, which is discussed in the section, Efficiency limitations

due to charge exchange.
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It should be noted that the calculations presented in figure 31 are merely
estimates and are subject to the agecuracy of the assumptions; however, ilnspection
of equation (17) shows that the allowable current density is inversely propor-
tional to the square root of the charge-exchange cross section, the charge-~
exchange region volume, and the sputtering yield. This relation tends to reduce
the sensitivity of the value of allowable current density to errors in the other
parameters. For this reason, the estimate shown in figure 31 1s reasonably ac-
curate.

Toniger. - From the brief and very approximate discussion and calculations
regarding charge exchange 1t 1s abundantly clear that low neutral atom concentra-
tion is an essential requirement for contact-lonization thrustors. This is, of
course, barring some new design concept that might amellorate the sputtering-
erosion problem. Since the lonizer is the source of neutral cesium atoms, it is
appropriate to examine the status of this component in detail.

Because of the charge-exchange problem, the porous ilonizer has been ac-
cepted, in general, as being superior to solid lonizers (with a reverse flow of
fresh neutral atoms passing through the ion beam). In porous ionizers, the ce-
sium vapor flows through the ionizer pores by both Knudsen flow and surface dif-
fusion. If the flow rate due to surface diffusion 1s greater than that due to
Knudsen flow near the pore exit, the predominant fraction of the ceslum will flow
onto the downstream face of the ionizer as illustrated in sketch (n).

Tons - Surface diffusion
T S
/ [}
~ 7 =
ud ¥

\éf»
— ~Knudsen

Cross section End view

(n)

' Theoretical analyses of this model of flow and ilonization have predicted the need
for submicron pore dismeters at high ion current densities (refs. 69 to 71). Ex-
perimental data on the neutral atom efflux from small samples (5-mm diam.) show
that neutral efflux increases as ion current is increased (refs. 72 to 76). Typ-
" ical data is shown in figure 32, taken from reference 74, for a pore size of
about 2 microns and a pore density of 10® per square centimeter. Porous ionizers
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with these characteristics are commercially available.

Experimental data recently obtained appeérs to (ref. 75) confirm the need
for small pore size. Tungsten lonizers made from spherilcal powder, and others
made from wire bundles, were compared with S5-millimeter-diameter commercial
porous-tungsten samples with 2-micron pore diameter and 2x106 pores per square
centimeter. Photomlcrographs of these ionizers are shown in figure 33. The
spherical-powder porous-tungsten ionizer has glit-like pores rather than the
roughly circular pores 1n the commercial sample. The wire bundle ionizer was
made from 6-micron-~diameter tungsten wire and has three-cornered pores with con-
cave sides (sharp cusps at corners), except for frequent large pores due to im-
perfect winding eand swaging. The neutral atom efflux from these lonlzers is
shown in figure 34. It 1s evident that the narrow pores of the spherical-powder
tungsten lonizers provide a lower neutral atom fraction.

To obtain satisfactorily low neutral atom flux, the pore size must be
smaller than presently obtainable and the pore density (number per unit area)
must be high, that is, greater than 3x106 per square centimeter (ref. 74). It is
presumed that the use of small-dlameter tungsten powder would provide these re-
quirements; however, it appears that with small powder diameters, the porous lon-
izers continue to sinter at the lonizer operating temperature. This sintering
fills up the pores and increases the density of the ionilzer, which results in in-
creased neutral atom efflux and might eventually result in cracking because of
the reduction in volume. Typical data on sintering is shown in figure 35 (ref.
77). It is evident that tungsten lonizers with small powder diameters may sinter
shut during the lifetimes required for space flight. The temperatures shown in
figure 35 are several hundred degrees Kelvin eabove those actually needed for
operation in thrustors, but it is clear that in-flight sintering is a serious

problem.

In addition to the effect on long-term ionizer sintering, the lonizer tem-
perature 1s also of great Importance to thrustor efficiency because thermal radi-
ation from the ionlzer constitutes the major power loss. In early work on con-
tact ionization, 1t was found that below a certain critical temperature mostly
neutral atoms are evaporated from the surface, while above this temperature
mostly ions are emitted. A similar critical temperature is found for porous
emitters, although the lon to atom emission does not change as sharply as for
solid surfaces. The effect of ionlzer temperature on ion current density and
neutral atom fraction is exhibited by typical data from reference 75 shown in
figure 36. Neutral atom efflux minimizes at about 1460° K, which i1s the neutral
atom fraction critical temperature, while the ion critical temperature occurs at
about 1360° K in figure 36. Operation at minimal neutral atom flux would in-
crease the thermal radiation loss by 37 percent in this case. The data in refer-
ence 74 suggests that smaller pore size and increased pore density could reduce
the critical temperatures for ion current and neutral atom fraction. This is
supported by the theoretical analyses of references 69 to 71.

Because of nonuniform porosity in porous ionizers, particular thrustors may
have a nonuniform current density across the lonizer surface. It is evident that
the ilonizer must be operated at a temperature high enough to accommodate the
highest local current density. Typlcal neutral atom fraction critical tempera-
tures glven in reference 75 for spherical-powder tungsten ionizers are shown in
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figure 37. If the average current density were 60 amperes per square meter and
a peak exilsted at 180 amperes per square meter, the increase in ionizer tempera-
ture required to prevent high neutral atom efflux from the high current spot
would result in a 25-percent increase in thermal radistion loss.

Efficiency limitations due to charge exchange. - Charge exchange has been
shown to limit the current density because of electrode erosion. Although the
analysis has been approximate, i1t is possible to estimate the maximum thrustor
efficiency on the basis of existing porous-tungsten characteristics.

Limits of cesium ion current density calculated from equation (19) are shown
in figure 38 as a function of neutral atom fraction for a range of accel poten-
tials. These calculations are based on a comparison with the reference thrustor
and on a 2-millimeter accel length and copper electrodes for the hypothetical
contact-ionization thrustor. Also shown in figure 38 are the neutral atom frac-
tions for the spherical-powder lonizers reported in reference 75. The intercepts
of the current density limits and the ionizer data are shown in figure 39 as cur-
rent density as a function of accel voltage. Also shown in figure 39 are space-
charge-limited current densities calculated from Child's Law for a range of accel
distances. The basic curve is for a 2Z-mlllimeter accel length; for the other
accel lengths, the current density was corrected for the change in the volume of
the region producing charge-exchange interception as defined in equation (17).

The emittance of porous ionizers may be subject to surface conditions (ref.
74); so an average value of 0.5 was assumed herein. The heat loss is assumed to
be thermal radiation from the downstream face of the ionizer. With all these
assumptions, figures 37 and 39 may be used to estimate a hypothetical thrustor
efficiency (see egs. (5) and (16)). The results of this estimate are shown in
figure 40(a) together with the actual efficiency of the exlsting electron-
bombardment thrustor. It is apparent that electrode erosion may seriously limit
the efficiency of the contact-ionization thrustor.

The estimated efficiencies shown in figure 40(a) are for contact-ionization
thrustors with a single set of accel electrodes. If the accel electrodes could
be replaced en route (by means of reliable, lightweight mechanisms), then the
allowable current density could be increased (from inspection of eq. (17)). 'The
estimated efficiencies of contact-ionization thrustors with multiple sets of
electrodes are shown in figures 40(b) and (c). In preparing these estimates, it
was assumed that the accel electrode dimensions were the same as those of the
reference thrustor. Based on this estimate, electrodes would have to be replaced
about four times en route to provide efficiencies equal to or better than the
existing reference electron-bombardment thrustor.

Performance status. - At present, contact-ionization thrustors are not ca-
pable of operating with a wide-range programed specific impulse without unaccept-
able loss in efficiency and durability or unacceptable increase in specific mass.
This is primarily due to limitations in current density caused by electrode ero-
sion. Considerable reduction in neutral atom efflux from porous lonizers could
alleviate this situation, or perhaps a new accelerator design concept could re-
duce the charge-exchange ion impingement on the accel electrode. It 1s also pos-
sible that new thrustor design concepts could reduce the thermal radiation loss.
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Another problem is that of operation at off-design specific impulse. From fig-
ure 39 it can be seen that the thrustors would operate at a decreasing fraction
of space-charge-limited current (e.g., Child's Law) as specific impulse is in-
creased. This would cause changes in the primary-ion trajectories, possibly re-
sulting in serious electrode erosion from primary-ion impingement.

The EOS and Hughes thrustor efficiencies reported in reference 78 are shown
in figure 41. These efficiencies are experimentally measured maximums and are
not necessarily compatible with the durability requirements of interplanetary
missions. ZElectrode erosion, ionizer plugging, ionigzer cracking, and ionizer
contamination are all factors that might reduce the allowable ion current density
and thereby reduce the efficiency.

The net accelerating voltages of the cesium contact-ionization thrustors are
not much less than those required by mercury propellant thrustors. It may be ex-
pected that power conversion will be Jjust as much a problem for both types of
thrustors.

The durability of contact-ionization thrustors has entered strongly into the
preceding discussions of charge-exchange and ionizer characteristics. With
existing porous~tungsten ionizers, it appears that contact-ionization thrustors
must limit their performance in order to have sufficlent durability of the accel
electrode. With regard to the durability of ionizers, several porous-tungsten
ionizers with 2- to 4-micron pores have been operated at 1440° K for more than
1 year (ref. 74). The ionizers with the 4-micron pore size appear to have re-
tained stability over this time, but the ionizers with the Z-micron pore size
have suffered substantial increases in flow transmission coefficient. It is pos-
sible that this increased flow may indicate the presence of microcracks that are
caused by reduction in volume due to sintering. With insufficient data at hand,
it is not possible to evaluate the present durabllity of contact-ionization
thrustors, much less their reliability.

The exhaust power density of contact-ionization thrustors may be estimated
from the limiting current densities shown in figure 39. The results of this
estimate are shown in figure 42 for two accel lengths; power densities are also
shown for the existing reference thrustor and for a hypothetical electron-
bombardment thrustor with a uniform current-density profile. The mass of the
Hughes thrustor at present is about 1.82 kilograms, and its exhaust area is about
0.0015 square meter. The current-density limitations shown in figure 39 may be
used together with this mass to estimate the specific mass of a hypothetical
contact-ionization thrustor for a 400-day durability. Thils estimate is shown in
figure 43. It must be pointed out that the Hughes thrustor is still under devel-
opment and has not yet been designed for minimum mass; however, even with ad-
vanced designs, specific mass will remain a problem for contact-ionization thrus-
tors unless very low neutral atom fractions can be achieved.

Colloidal~Particle-Thrustor Schemes
Colloidal-particle thrustors do not exist at present. Devices have been
operated in which cclloidal particles are generated, charged, and accelerated;

but these are experiments, not thrustors. Hence, the purpose of this section is
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to review and evaluate past experimental work on colloldal-particle-thrustor com-
ponents.

Particle generation. - For operation over a wide range of specific impulse
at a fixed net accelerating voltage, the particle mass to charge ratio must
cover a wide range also. The m/q range shown in figure 21 is typical; at
v/gc = 4000 seconds, m/q = 75,000 etomic mass units per electronic charge and at
v/gc = 20,000 seconds, m/q = 3000 atomic mass unlts per electronic charge. If
the net accelerating voltage were increased from 600,000 to 6,000,000 volts, the
mass to charge ratio would be increased only by a factor of 10. A number of
particle-generation schemes are presently being investigated. The minimum mean
m/q, which has been obtained experimentally with each of these methods, 1s listed
in the following table:

Method Minimum mean Reference
mass to charge ratio,
m/q,

amu/electronic charge
Ton nucleation 1,400,000 79
Preformed (agglomerated) solid 950,000 80
Liquid drops from sprays 480,000 81,82,83,84
Surface condensation 700,000 85
Vapor condensation 100,000 86,87

If a specific Impulse of 5000 seconds with a net accelerating potential differ-
ence of less than 100 kilovolts is considered, then the maximum usable m/q
should be about 8000 atomic mass units per electronic charge. ZEven i1f the poten-
tial difference were raised to 106 volts, the maximum usable m/q would be less
than the values shown in the preceding table. Although work in this field has
been going on for several years, the total research effort has been small. Re-~
search 1s continuing on each of the aforementioned methods in an effort to pro-
vide the proper m/q range with good propellant-utilization efficiency.

Ton nucleation. - In the ion-nucleation method of reference 79, a super-
saturated vapor stream is partially ionized. The ions are intended to be conden-
sation nuclei. Applying a retarding electric field slows the nuclel to provide
enough time for particle growth. Charged particles with a large enough m/q
would pass over the retarding potential difference, so that a supply of particles
with uniform m/q would result. This method is still in the basic research
stage.

Preformed particles. - Preformed solld particles with a mean size of 70 ang-
stroms have been gravity-fed through ducts to an electron-bombardment ionization
chamber, ionized, accelerated, and analyzed for charge to mass ratio distribution
(ref. 80). The particles were initially agglomerated, and remain agglomerated
through the charging process; however, the mass to charge ratio was only about a
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decade too high, so this experiment provides some evidence that the use of pre-
formed solid particles might be possible.

Electric spraying. - A major share of the colloidal-particle thrustor re-
search has been devoted to particle generation and simultaneous chargling of elec-
trically sprayed liquid droplets. The drops are formed and charged either at
sharp hollow needle points (refs. 81 to 84) or at the sharp edge of a spinning
cup (ref. 88) with a high electric field at the point or edge. Drop formation
occurs by a combination of fluid instability and dielectrophoresis (refs. 81
and 82). Charging occurs at the instant of separation from the tip by charge

transfer.

The electric field strength must be high at the tip in order to obtain small
drop sizes. If the field strength 1s too high, a glow discharge occurs that gen-
erates a large ion current. This lon current may cause a serious power loss in
the accelerator. Recent experiments have shown that the electric-spraying
process may be sporadic (ref. 83). At first, the liquid tip is sharp, and small
size charged drops are emitted. Then the liquid tip bullds up, and a very large
charged drop 1s emitted accompanied by many ions. These sequences are sporadil-
cally repetitive. These data also show a very wide range of m/q.

The high-speed photomicrographic data of reference 83 indicates that if the
liquid is conducting the electric field penetrates the bulging liquid drop at the
tip and thus prevents the formation of small drops. If the liquid is nonconduct-
ing, the high field strength is preserved, but a substantial time is required to
accumulate a charge in the liquid tip. This low rate of charge accumulation
1imits the mass flow rate of liquid from each hollow needle; for example, a maxi-
mum current of 1 microampere per needle is quoted in reference 82. If the net
accelerating voltage were 106 volts, there would be 1 watt of thrustor exhaust
power per needle. From the preceding sections, it is evident that an exhaust
power density of 100 kilowatts per square meter 1s required in order to compete
with the reference thrustor (see fig. 42). At an exhaust power density of
100 kilowatts per square meter, 10° needles would be required per square meter.
The needle spacing would be 3 millimeters. It seems reasonable to expect that
such a needle density would lower the electric fileld strength at each needle tip,

perhaps below that required for electrilc spraying.

The charge-accumulation 1imit also appears pertinent to the surface-
condensation scheme. In fact, the literature does not contain even approximate
analyses to demonstrate that the electric-spraying or surface-condensation
schemes might be useful in real electrostatic thrustors.

Vapor condensation. - To date, the vapor-condensation method has not only
produced values of m/q in the upper portion of the range of interest for pro-
pulsion (ref. 86), but has also been incorporated in a laboratory device that has
produced a substantial thrust (ref. 87). In this method of particle generation,
a supersaturated vapor enters a condensation shock wave where particle nucleation
occurs. Subsequent growth is controlled by the flow conditions. The colloidal
particles are then charged by electron attachment in a corona discharge. Parti-
cle size distributions have been measured for a number of propellants such as
aluminum chloride, mercuric chloride, and mercurous chloride. Atomic-ion cur-
rents have not been observed. The fraction of total propellant that is con-
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verted into colloidal particles has yet to be determined.

It is of interest at this point to illustrate the effect of particle-mass
distribution on colloldal-particle-thrustor efficiency. Although narrower size
distributions are reported in reference 86, the data for aluminum chloride will
serve as an example here. A smoothed partilicle size distribution based on the
dats for aluminum chloride 1s shown in figure 44(a). This distribution appears
deceptively good in that only a few large particle diameters are present. TFrom
the particle-size spectrum, the mass distribution function g*¥ can be determined
(see appendix B) and is shown in figure 44(b). Assuming paraxial flow, uniformly
charged particles, and g% +the same throughout the beam, gives the expression
for thrustor efficiency (see appendix B):

<fomdmw/ﬁg*>2

n =Ty ZF, ' - (20)
1+ dm mg*
0]

The quantities Mm g¥ and mg*¥ determined from figure 44(b) are shown in fig-
ures 44(c) and (d). The influence of the few large particles is very pronounced
in mg¥%. From this estimate, the thrustor efficiency is

_ 0.7
N ="u P,
1 +
< J®net>

It is clear that particle size distributlons narrower than that of figure 44(a)
must be obtained to prevent excessive loss 1in efficlency.

(21)

By comparison with electron-bombardment ilon thrustors, it is expected that
ZPZ/J®net will be small, since &po¢ 1is large. Particle size distribution and
propellant-utilization efficiency appear to be the dominant problems in
colloidal-particle-thrustor performance.

FUTURE RESEARCH PROBLEMS

The preceding text has shown that present electrostatic thrustors have
shortcomings that would cause serious loss in electric spacecraft performance.
The fundamental processes within the thrustor that are responsible for these
shortcomings have been examined in detall. Research problems posed by the pre-
ceding text are discussed in the following sections with emphasis on those areas

.that have the most effect on thrustor performance.

Electron-Bombardment Thrustor

Several areas of research on the electron-bombardment thrustor appear to be
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reaching completion. With the exception of trying to obtain a more uniform lon
beam current density, the ilon-chamber configurations, the magnetic-field design,
and the accelerator structure all fall into this category. (A uniform current
density would permit conslderably greater power densities for the same lifetime
as shown in fig. 42.) The neutralizer design needs some work, but no major ob-
stacle is anticipated.

The cathode 1s probably the most Important remaining component research
area. The autocathode under development by Electro-Optical Systems, Inc. 1s cer-
tainly one promising solution. As was pointed out in the section, PRESENT
STATUS, however, the use of ceslum places more severe limits on the exhaust jet
power density at low specific impulse than does mercury. The advantage of higher
exhaust power density alone is sufficient reason to continue research on the
alkaline-earth carbonate cathode, particularly since very substantial lifetimes
have already been obtained.

Ancther reason for continuing research on the alkaline-earth carbonate cath-
ode 1is the possible use of other propellants. Low-atomic-weight propellants may
be desirable to obtain moderate acceleration voltages at very high specific im-
pulses. Alsc, heavy molecules may prove suitable for low specific Impulses
(ref. 22).

Propellants with even heavier atomlc weights than mercury would be desirable
for Improving both the efficiency and exhaust power density of an electron-
bombardment thrustor at low specific impulses. Since prospective propellants do
not exist as atomic species much heavier than mercury, heavy molecules appear to
be the only practical substitute. An Investigation of possible heavy-molecule
propellants is being conducted at Lewis (ref. 22). Complete results have not yet
been reported, but considerable experimental work has been completed. Prelimi-
nary analysis of the data indicates that molecules substantially heavier than
mercury can be ionized and accelerated into a beam, but only for propellant-
utilization efficiencies of less than 10 percent. The mean molecular weight is
reduced because of fragmentation at higher utilization efficiency. Further ex-
periments are planned, but the simultaneous achlevement of high utilization effi-
ciency and high mean molecular weight does not appear likely.

The development of efficient thrustors, with excellent prospects of reaching
desired lifetimes with further work, has served to highlight the shortcomings of
electric propulsion as a system. The need for efficient, lightweight, reliable
electric power sources 1s particularly obvious. The development of efficient,
lightweight, reliable power-conversion equipment, is almost as obvious, and fully
as necessary. There are other needs that are even closer to the thrustors. The
largest electron-bombardment-thrustor modules operated at Lewls to date have
thrusts in the range of 0.015 to 0.018 kilogram although this level cannot be
obtained with long accelerator life. The attaimment of thrusts 1n excess of sev-
eral kilograms will obviously require some drastic changes. Simple scaling-up is
not possible, for 1f the accelerator dimensions are all scaled linearly with
module size, then space-charge limitations would prevent any significant increase
in ion beam current. Instead, the accelerator area must be increased without any
substantial increase in accelerator system spacing. Thermal expansion, warping,
and fabrication tolerances all set an upper limit on module size for a given ac-
celerator spacing. The use of an array of thrustor modules is the only solution
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for very high power levels.

For simple drilled-plate accelerators of the type typically used on
electron-bombardment thrustors, the upper limit on beam diameter appears to be
in the 10- to 20-centimeter range for g specific impulse of 4000 seconds with
mercury. Even with a center insulating support, the relative thermal expansion
of the two plates would prevent beam dlameters much larger than 20 centimeters at
this low impulse. Goilng to 10,000 seconds (again with mercury) would result in
a considerable increase in the accelerator spacing. This increase in spacing
would result in a similar increase in hole size and permissible beam diameter.
A thrustor module designed for 10,000 seconds with drilled-plate accelerators
could perhaps be two to three times as large in diameter as one for 4000 seconds.
Further increase in size might be possible with wire grids somewhat similar tc
those used on the first electron-bombardment thrustor (refs. 12 and 40). A
spring on each grild wire could prevent warping and would adjust for thermal ex-
pansion. A further increase in module size by perhaps a factor of Z or 3 might
be possible. It should be evident that one course of future research should be
to determine the maximum module size over the range of operating voltages and I1m-
pulses.

A related problem is the one of determining what interactions occur when
modules are placed close together. A group of three electron-bombardment thrus-
tors is presently being investigated with regard to such interactlons in the
25-foot-diameter 70-foot-long vacuum facility at Lewis (fig. 45).

Not only must the interactions of the modules with each other be determined,
but the interactions of the modules with the power supplies must also be deter-
mined. These latter interactions require the static and dynamic characteristics
of thrustor modules as control elements. The first part of such a study is de-
scrived in reference 89.

If the present practical module slizes are any indication, hundreds of mod-
ules may be required for a manned electric-propulsion missicn. Each one of these
several hundred modules could be furnished with four or five separate power sup-
plies. A less depressing prospect would be to parallel a number of modules on a
gingle supply, thereby substantially reducing the number of supplies needed. If
guch parallel circultry is used, some means of clearing electrical breakdowns or
removing shorted modules from the circuilt must be provided. Further, the circuit
breakers must be between the individual modules and the common power supply if
only one module at a time is to be removed from the circuit. Lightwelght circuilt
breakers to withstand several thousand volts are felt to be the critical element
of this circuit concept. Such circuit breskers will be studied in the near fu-
ture in conjunction with several electron-bombardment thrustors. There are, of
course, obvious applications of such clrcult breakers to other types of thrus-
tors.

Probably the biggest uncertainty assoclated with high-voltage clrcuit
breakers is the frequency with which they must be operated. At pressures of
about 10-5 millimeter of mercury near the thrustor, a breakdown every several
minutes is typical. 'This type of breakdown was analyzed in reference 90, and an
adsorbed layer of impurities on the accelerator structure appeared to be in-~
volved. The same type of thrustor was operated for hours at a time without a
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breakdown at ambient pressures near 10~6 millimeter of mercury. It appears,
then, that electrical breakdowns should be rare in the even lower pressure envi-
romnment of space. The effects of micrometeorites on electrical breakdowns,
though, must be evaluated before this conclusion can be more than tentative.

Contact~Ionization Thrustors

Examination of the status of contact-ionization thrustors has clearly shown
the need for greatly reduced charge-exchange ion sputtering of the accelerator
electrodes and for a substantial reductlon in the thermal radiation loss relative
to the exhaust jet power. These two problems are the critical ones and are pri-
marily centered in the lonizer and in the accelerator geometry. Research pro-
grams presently under way that concern these two problem areas are described in

this section.

Porous lonizers. - Neutral cesium atom efflux from porcus-tungsten ionizers
can be reduced if uniform submicron pore sizes and high pore densities (number
per unit area) can be obtained. At the same time, sintering at lonizer operating
temperatures must be slow enough so that the ionizer has a durability of at least
400 days. Thils ionizer problem has been recognized for a number of years, and
many man-years of applied research have been devoted to lonizer improvement
(refs. 91 and 92). In spite of this effort, satisfactory porous-tungsten ion-
izers have not yet been developed.

A number of possible research avenues are discussed in reference 93. These
approaches are primarily concerned with reducing the grain boundary diffusion to
obtain sufficiently low sintering rates:

(1) Grain boundary removal by reducing the recrystallization temperature of
the tungsten. This might be accomplished by a small amount of additive, which
would be soluble in tungsten but would not lower the work function.

(2) Grain boundary diffusion rate control by adding a metal that diffuses
more rapidly into tungsten than tungsten into the metal, for instance, a
tungsten~tantalum mixture exhibits this stabllizing effect.

(3) Addition of a eutectlc-forming metal, which would lower the sintering
rate. (This might turn out to increase the sintering rate.)

(4) Addition of dispersed phase hard particles, which are insoluble in
tungsten. Hopefully these particles would exist at the grain boundary apex.

(5) Liquid-phase sintering by utilizing the solution, or Kirkendahl, effect

of a soluble metal 1n a liquid-phase carrier. The soluble metal and the liquid-
phase carrier must be removable by acld leaching followed by vacuum evaporation.

These various methods are, in one form or another, presently under investigation
in a number of laboratories.

In the previous discussion on ionizer status, it was noted that theoretical
analysis of the cesium flow through the pores and subsequent ionization had pre-
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dlcted appreciable neutral atom efflux from lonlzers with pore sizes greater than
1 micron. These analyses were based on ldealized models of cylindrical, evenly
spaced pores. By inspection of the ionizer photomicrographs in figure 33, it is
evident that real ionizers do not conform to the ldealized models. The pores are
irregular in shape, size, and spacing. It is to be expected that ilrregularity in
size and spacing will increase the neutral atom efflux. A recent Important tech-
nique developed at Electro-Optical Systems, Inc. offers the possibility of minute
examination of porous ilonizers while they are in actual operation. This tech-
nique is an lon microscope reported in reference 94. By designing the electrode
structure as an electrostatic lens, a great magnification 1s achieved. The ce-
sium ions are accelerated from the ionizer in dlvergent trajectories and then
strike a target from which secondary electrons are accelerated to a cathode-ray
screen. Excellent photographs and cinematography are possilible with this tech-
nigque; therefore, much information on ionizer operation may be gained.

"Strip-beam" thrustor. - The EOS and Hughes thrustors shown in figures 28
and 29 have a fairly high electrode blockage; that 1s, the actual exhaust area is
substantially less than the total thrustor area. This 1s particularly true of
the Hughes thrustor. In addition to the high specific mass (kg/kw) caused by
electrode blockage, insulator support problems arise when multiple concentric an-
nular designs are made.

For these reasons, Hughes Research Laboratories, Inc. 1s conducting a re-
search and development program on a strip-beam contact-lonization thrustor (ref.
28). A recent design version of this thrustor is shown in figure 486.

Divergent-flow thrustor. - Theoretical analysls (ref. 18) suggests that a

the contact-ionization thrustor. This theoretical increase in power efficiency
is primarily due to the decreased ratio of (Q/A)/j® 1in the expression for power
efficiency (see appendix B):
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Because of the divergence of the space-charge flow, the current density at the
ionizer is higher than that for paraxial flow for the same accel length L and
accel voltage &p. The ionizer temperature must be increased only slightly to
accommodate the higher current density, so that the radiant heat loss Q/A from
the lonizer face is increased only slightly.

This thrustor-design concept is presently under investigation at Lewis. The
accelerator configuration is intended to approximate the divergent space-charge
flow between coaxial cylinders, as illustrated in figure 47. The experimental
thrustor apparatus is shown in figure 48. Much of the support structure and
other parts of this apparatus would be eliminated in an actual thrustor array
gsuch ag that shown in figure 46.

The efficiency of the divergent-flow thrustor might not be limited as much
by accel electrode durability as existing contact-ilonization thrustors. Examina-
tion of figure 30 indicates that the charge-exchange ions are primarily formed in
the accel aperture and decel regions. In the divergent-flow thrustor, the cur-
rent density in the accel aperture 1s only one-half the current density at the
ionizer and even less in the decel region. For this reason it is expected that
high current densities at the ionizer may be permissible in the divergent-flow
thrustor. The idealized analysis presented in appendix C supports this conclu-
sion.

An estimate of the efficiency of this thrustor-design concept is shown in
figure 49. This estimate is based on the lonizer temperatures shown in fig-
ure 37, an lonizer thermal radiation emittance of 0.5, and & utilization effi-
clency of 100 percent. The dashed portions of the curves 1ndicate extrapolation
of the ionizer temperature data of figure 37. If the neutral atom loss data
(fig. 34) for the spherical-powder ionizer is assumed, the estimated efficiency
of the divergent-flow thrustor is reduced to that shown in figure 50. The sub-
stantial loss in estimated efficiency due to use of the neutral atom efflux data
is the result of current-density limitations required to obtain a 400-day dura-
bility. Although the efficiency of the divergent-flow thrustor might be higher
than existing contact-ionization thrustors, it 1s evident that the divergent-flow
thrustor cannot have significantly better performance than the electron-
bombardment thrustor, unless porous-tungsten ionizers can be developed with low
neutral atom efflux at very high current density.

Circular-flow thrustor. - Another method of reducing the thermal radiation
loss in contact-ionization thrustors is that of thermal radiation shielding. In
the thrustors discussed so far, the lonizer has a direct view of space through
the exhaust aperture. As suggested in reference 18, Meltzer's circular space-
charge flow might be used to provide thermal radiation shielding. In Meltzer's
flow, the ions follow arcs of circles with an accel to ﬂ/3 radians of turn
followed by a decel to a stop at 2ﬂ/5. A thrustor design based on this space-
charge flow ig shown in figure 51. This thrustor is presently under experimen-
tal investigation at Lewis.

Hypothetical reverse-feed thrustor. - The serious limitations imposed on
contact-ionization thrustors by inadequate porous ionizers could possibly bring
about a return of interest in reverse-feed design concepts. With reverse-rfeed,
the neutral atom cesium propellant arrives at the lonizer by Knudsen flow across
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or through the ion flow in the accelerator as shown in sketch (j).

Neutral ~Slotted

ﬁi% { electrode
Solid >( > ——l-
lonizer- ,///
\

Tons

7\\©

(3)

The configuration in sketch (Jj) has been experimentally investigated, and
its performance 1s reported in reference 95. The theoretical performance of g
somewhat similar design with propellant feed slots mounted on either side of the
decel region is reported in references 96 and 97. The principle objection to
such designs has been that excesslve charge-exchange occurs as the neutral atom
propellant passes through the lon flow. A practical objection is that electric
breakdown occurs across the potential difference between the electrode feed tube
and the ionlzer.

The recent data on charge-exchange trajectories shown in figure 30 suggest
the possible thrustor design illustrated in figure 52. The beam-forming elec-
trodes shown 1n figure 30 are at the ionizer potential, so that neutral atom pro-
pellant could flow to the lonizer from such a location wlthout electric breakdown
occurring. Most of the neutral atom propellant would flow through regions of the
ion beam wherein charge-exchange lons would not have trajectoriesg intercepting
the accel electrode. Presumably the neutral atom efflux resulting from ioniza-
tion on the ionizer would be less than 1 percent of the ion current.

Neutral atom efflux patterns from the propellant feed slots are such that
some of the atoms will miss the ionizer and strike the opposite beam-forming
electrode, the opposite accel electrode, or will pass out through the exhaust
aperture. The fraction of neutral atoms lost in this manner is a function of the
angle 6 (see fig. 52) and of the slot length to wildth ratio. This neutral atom
loss has been calculated for Knudsen flow in the slot. These calculations show
that slot angles of 50° or more are required to obtain neutral atom losses of
5 percent or less. For a slot angle of 50° and a slot length to wildth ratio of
10, the neutral atom flux arriving at the emitter would be as shown in figure 53.

As 1s the case for all atomic ion thrustors, the accel length must be short,
that is, about 5 millimeters. The propellant feed slot would have to be only a
few tenths of a millimeter wide. With the nearby emitter at 1500° K, warping of
the feed slots could be a serious problem.

It may be possible to reduce electrode erosion from lon charge exchange by
using the reverse-feed concept shown in figure 52. If thils were true, the ion
current density could be increased to obtain higher jet exhaust power densities
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and lower values of thrustor specific mass. The lower operating temperature and
lower emittance of solid-tungsten ionizers would result in greatly reduced ther-
mal radiation loss in comparison with porous-tungsten ionizers. With the possi-
bility of increased current density and lowered thermal radiation loss, it is
certalnly evident that thrustor efficlency might be substantially increased.

Further study of this reverse-feed-thrustor concept might be warranted, if
porous ionizers continue to be a major problem.

Colloidal=-Particle Thrustors

. The research work described in the section, PRESENT STATUS, is continuing
for the most part. The various methods of particle generation and charging are
still under investigation. Some of these methods have not yet reached the stage
where the experimental apparatus resembles a thrustor, since most attention is
being given to the basic mechanisms.

The ion-nucleation concept (ref. 79) is being investigated in apparatus sim-
ulated a real thrustor. The basic mechanisms important to thrustor operation are
not fully solved yet, so that thrustor performance evaluation cannot be expected
in the immediate future.

The vapor-condensation method (refs. 86 and 87) is being investigated at
Lewis in apparatus resembllng a real thrustor. The past experiments have been
made with a 50,000-volt power supply, but a 150,000-volt facility is now avail-
able, and a 400,000-volt facility is under construction. With such high~voltage
power available, a greatly improved evaluation of this thrustor concept will be

possible.

Modifications of the quadrupole and monopole massenfilters (mass spectrome-
ters) are being developed at Lewls for measurement of particle mass to charge
ratio in the exhaust beam from experimental thrustors. With measurements of par-
ticle mass to charge ratio, thrust, beam current, and total propellant mass flow
rate, it is expected that an accurate determination of propellant-utilization ef-

ficlency can be made.

Fundamental studies of particle nucleation and growth are also under way.
It is hoped that such studies will aid in the design of particle generator noz-
zles that will provide particles with a mass of less than 100,000 atomic mass
units and with a narrow size distribution. In addition to the electron-
attachment method of particle charging, several other methods are under investi-
gation that include electron bombardment, fileld emission, and photoionization.

CONCLUDING REMARKS

With the exception of the cathode, the electron-bombardment thrustor is ca-
pable of durabilities required for interplanetary round-trip missions. Experl-
mental data from recent cathode tests indicate that alkaline-earth carbonate
coatings may provide adequate durability at acceptable heater-power levels. It
is also expected that the autocathode version of the electron-bombardment thrus-
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tor will have adequate durability. It is difficult to foresee any substantial
improvement in the efficiency of the electron-bombardment thrustor. Although se-
rious payload losses would be incurred with the electron-bombardment thrustor, it
could be used for most electric-propulsion missions 1in 1ts present form.

The ionizer in the contact-ionlzation thrustor 1s not adequate at present
because of the inability to produce porous tungsten with sufficiently low neutral
atom loss and simultaneously to prevent unacceptable in-flight-sintering rates.
Because of the high neutral atom loss from porous-tungsten ionizers, charge-
exchange lon erosion of electrodes places a severe limit on contact-ionization
thrustor efficiency, particularly in the lower range of specific impulse. The
problems of porous-tungsten lonizers - unless modifiled by substantial improve-
ments in technology - are formidable enough to prevent the use of contact-
ionization thrustors for primary propulsion.

Colloidal-particle thrustors do not exist at present. With the exception of
the vapor-condensation method, existing methods of colloldal-particle generation
produce particles wlth much too high a mass to charge ratio. At present, the
vapor-condensation method would require accelerator voltages of 400,000 volts to
obtain a specific impulse of 3000 seconds, which is near the lowest value of in-
terest. Not enough 1s known at present to predict accurately the ultimate per-
formance of the colloidal-particle thrustor.

Comparisons between electrostatic, electrothermal, and electromagnetic
(plasma) thrustors have been avoided. Mission anslyses show that the specific
impulse of electrothermal thrustors is well below the range of interest for in-
terplanetary missions. Existing plasme thrustors have unacceptably low efficlen-
cies, and there 1s no concrete eyvidence at present on which to base estimates of
future performance.

The development of moderately efficlent thrustors, with excellent prospects
of reaching desired lifetimes with further work, has served to highlight the
shortcomings of electric propulsion as a system. The need for efficlent, light-
weight, reliable electric-power sources and power-conversion equipment 1s par-
ticularly obvious.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohlo, November 27, 1963
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APPENDTX A

SYMBOLS
exhaust area, sqm
area of exhaust aperture and lonizer, respectively, sqm
ratio of instantaneous thrust and vehicle mass, F/M, newtons/kg
particle diasmeter, A
accelerator field strength, v/m
thrust, newtons
external forces, newtons
ideal thrust, newtons

molecular flow impedence factor to account for increased neutral atom
density

neutral atom fraction (at ionizer), atoms/ion
particle speed distribution function, sec/m
particle mass distribution function, kg'l
gravitational conversion factor, m/sec2
specific impulse, F/gcﬁtot, sec

ion beam current, amp

ion current density, amp/sq m

primary ion current density in dy dz di, amp/sq m

primary ion current density at lonizer, amp/sq m

current density of particles with Z electronic charges, amp/sq m
constant

constant of proportionality

accel length, m

durability lifetime, days



YWoay
Mpay/Mo

axial dimension, m

instantaneous vehicle mass, kg

payload mass, kg

payload fraction

propulsion system mass, kg

vehicle mags at end of milssion, kg
initial wvehicle mass, kg

particle mass, kg

propellant mass flow rate, kg/sec
total propellant mass flow rate, kg/sec

mass flow rate of propellant actually ionized or charged, and electro-
statically accelerated to produce thrust, kg/sec

flux of neutral atoms into dy dz d1, 1b/(sec)(sq m)

flux of charge-exchange lons out of dy dz dl, 1b/(sec)(sq m)
flux of primary ions into dy dz di, 1b/(sec)(sq m)

neutral stom density in dy dz di, lb/cu m

power invegted in accelersting charged particles, w

exhaust Jjet power, w

effective exhaust Jet power, w

exhaust power density, kw/sq m

power loss, W

powerplant output power, w

thermal radlation loss, W

particle charge, coulombs

radii of exhaust aperture and lonizer equipotentisls, respectively, m

time, sec
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instantaneocus velocity of vehicle, m/sec
instantaneous velocity of differential propellant mass dm
volume of charge-exchange region, cum

exhaust velocity, m/sec

average exhaust velocity, m/sec

neutral atom speed in dy dz dil, m/sec

ideal finel velocity

effective jet velocity, m/sec

sputtering yield, atoms/ion

lateral dimensions, m

number of electronic charges

power-conversion specific mass, kg/kw
powerplant specific mass, kg/kw
electric-propulsion-system specific mass, kg/kw
thrustor specific mass, kg/kw

Langmuir functions for convergent and divergent space-charge flows,
respectively

permittivity of free space, 8.855x10-12 f /m
thrustor efficiency

thrustor power efficiency
propellant-utilization efficiency
charge-exchange cross section, sq cm

trip time, days

accel voltage, v

net accelerating voltage, v



APPENDIX B

DERIVATION OF THRUSTOR PERFORMANCE PARAMETERS

As stated in the introduction, the function of a space-propulsion system is
to move a mass (the vehicle) from one place to another in a specified length of
time in the space enviromment. The function of the electric thrustor 1s to con-
vert electric power and propellant mass into thrust. From these definitions, it
is evident that the thrustor performance parameters must have a direct relation
to the function of the thrustor.

The rate of change of instantaneous vehicle mass M 1s equal to the total
rate of mass ejection mtot

- 9—% = I].J"tot (B1)

Dividing both sides of equation (Bl) by Mz, and defining a = F/M where F 1s
thrust results in

&

- 1\-4—2- = Iﬁ,to.t — dt (BZ)

Integrating over a propulsilon time < yilelds

Lol Ttot g2 gy (B3)
so the total vehicle mass after time T 1s
M= — = (B4)

T T -
| R Teot 2 gt
Mo o FE

and the payload fraction M'Pay/Mo is

Mpay - 1 M@s (BS)

Mo T . T Mg
1+ / ot 2 gy
-
0

where M@s 1s the propulsion system mass.

In electric rockets, the thrust and the mass flow rate of propellant are un-
constrained, but the powerplant power £ is limited. Maximum payload is ob-
tailned when full power is used throughout the flight. If the thrustor were
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100-percent efficient, the power & and the propellant mass flow m would be
fully converted to thrust at an exhaust velocity v. The power consumed in ex-
peliling the propellant is the time rate at which energy is expended. A discrete
mass Om  of propellant is accelerated from zero initial velocity to the exhaust
velocity v;y in the thrustor (the subscript id denotes "ideal"). This corre-
sponds to an energy expenditure vi,4 Am/Z. The power expended in accelerating
many discrete masses per unit time is

= L3 2
P = 5 N Amvid (B6)
where N is the number per second of masses 4m expelled from the thrustor.
The propellant flow rate myot is N Am, so
1 2
P= 5 Mo Vig (7)

which is the correct expression for a perfect thrustor. The vehicle has a ve-
locity U 1in an Inertial coordinate system as shown in sketch (k), and there may
be external forces F, acting on it (such as gravitation):

po
h-

Ng

o

[ ee
‘ dm(vid)
x
Z
(k) .
From conservation of momentum
a(Mu) + (dm)(U - vygq) = -F at (B8)
UvaM + M dUu + U dm - Vig dm = —Fe dt (B9)

By noting that dM = -dm, equation (B9) can be written

du

dm
M H = vid H - Fe (BlO)

Since dU/dt 1is the vehlcle acceleration, the thrust must be
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Fia = DpotVia (B11)

This expression for thrust may be used in equation (B7) to obtain:

2
F.
. Dot

which 1s the appropriste relation between power, thrust, propellant mass flow
rate for a perfect thrustor. Real electric thrustors will have losses, so that
the actual thrust will be less than ideal. To account for these losses, a thrus-
tor efficlency n 1is defined as

Fz
1;l‘tot

L
2

where T, ﬁtot’ and &£ are the actual thrust, propellant mass flow rate, and
power input to the thrustor, respectively.

Thrustors may lose some propellant at negligible exhaust veloclty; that is,
propellant particles that are not charged are exhausted at thermal velocity from
the electrostatic thrustor. To account for this propellant loss, the expression
for thrustor efficlency may be written

m, \ §2
= (= —— (B14)
k <;t0t> 2m+'€P

where ﬁ+ is the mass flow rate of that propellant that i1s actually charged and
accelerated. A propellant-utilization efficiency may be defined that accounts
for propellant loss

LA
My

Dot

iy (B15)

and & thrustor power effilciency may be defined that accounts for electric power
loss

e (516)
= — Bl16
np 2m+£?
From these definitions, the thrustor efficlency is
n = ylp (B17)

The tirustor efficiency defined by equation (Bl3) may be used in the payload
fraction equation (B5)
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Mpay - 1 _ M@s
My /T 5 5 (B18)
1+ M, —E??-dt
0 an

If the powerplant power & is constant,

Mbay 1
o ;M_g/
A

It is evident that maximum payload will obtain for a minimum value J of the

integral
T az
J = — dt (B20)
n
0 min

The quantity a 1s unconstrained, but it 1s subject to the equations of motlon
of bodles in gravitational fields and t6 the 1Inltial and flnal position and ve-
locity vectors. When the integral is minimized subject to these condltlons, the
payload is maximized (ref. 15). The minimization of the integral is & problem in
the calculus of variations; values of J have been determined for a number of
missions with a constant thrustor efficiency 17 assumed (e.g., ref. 16). For
minimum J, the quantity a has a wide variation, so the thrust and exhaust ve-
locity programs also vary widely (see fig. 4). Real thrustors have efficiencies
that are strong functions of exhaust velocity so & unilversal value of J i1s not
possible for all thrustors. For an assumed constant thrustor efficiency, an es-
timate of the effect of efficlency on payload fraction can be obtalned ag illus~-

trated in sketch (1) (ref. 22).

s (B19)

1.0—
Mpay
Mo
81— 0.8
=4 [
7
= 6
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@
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o} .2 .4 .6 .8 1.0

Thrustor efficiency, 7

(2)
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It is evident that thrustor efficiency will have a great effect on the difficult
missions (fast or distant), which are those with the relatively low payload

fractions.

In addition to thrustor efficlency, some other thrustor parameters are of

interest (ref. 18)

Vs
T .F = _Jd,eff _ g F:
Ecltot e Ecll+

_ 1
Pyerr =P = 5 FVj orr

il

1 -

(B21)

(B22)

(B23)

where I 1s specific Impulse, Vi,eff is effective exhaust velocity, v is aver-

age exhaust velocity, Pj,eff is effective exhaust jet power, and Pj

is exhsust

Jjet power. The expression for thrust 1s derived in reference 18 and is based on

the geometry shown in sketch (m).

Normal
to dAn

|
\

dA ——_\
‘\\ —Exhaust aperature
Vv
Thrust T ]
<guum -
dF“////

Tonlzer surface

(m)
The differential force d4df 1is

af = v dn = J %-v cos N\ dA

The differential contribution to thrust made by df is

dF = cos 71 4f

The total thrust is

=
]
;>~\\
Ce
|

z v cos v cos A dA

(B24)

(B25)

(B286)
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The power P invested in accelerating the charged particles is also of interest:

P = J/. JOpet cOs A dA (B27)
A
Since P =P + ZPy, the thrustor efficiency is

FZ
n =1y Tig(P + 25;) (B28)

where XP; 1s the total power loss.

The preceding relations for thrust F and accelerator power P (egs. (B28)
and (B27)) are valid only for particles of uniform gq/m falling through the same
potential difference &pa¢. If the propellant particles all fgll through the
same potential difference but have a distribution of m/q, then

o0

[re]
J
F = /d_AcosK/ dm v cos Y-Z%mg* (B29)
A 0

Z=1
= [=e]
. J
m, = /d.Acos')\ / dmz—fmg* (B30)
A 0
Z=1
o0
P= E f dA cos N jglpet (B31)
A
71

where g¥ 1s a distribution function that specifies the number fraction of par-
ticles at any particular value of m and

fwg*del (B32)
0

The current density Jy 1is the current of particles with charge Ze flowing

through the stream tube of cross section cos A- dA (e is unit electronic
charge). 1In equation (B29), the speed v 1is directly related to &pet, m, and

Z by v = -\/2Zed>net?m. If this relation does not exist, then
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o0 (oo
J
F = /dAcos7\ / dv / dmcos*r—zémg*vf* (B33)
A 0 o}

Z=1
: Iz,
my = dA cos A dm &= mg¥ (B34)
A 0
Ve
[2+]
[o0] [+2]
Jz v2 '
P = dA cos A dv dm = mg¥ = £* (B35)
A 0 0
=

o0
f % dv = 1 (B36)
0
For the case of paraxial flow, uniformly charged particles, v = W/ZQ‘Dnet;m:

and g¥ the same everywhere in A

" 2
dm -/m g*)
( 0 [ (B37)
P,
(l + net) f dm mg*

An example of the effect of particle-mass distribution on efficiency is given in
the section, Vapor condensation.

n ="y

When all particles have the same mass and charge and the flow is paraxial,

([ =)

n =My ' (B38)
Z‘.P 00
<l + ——Z-> f dv vzf*
P 0

For example, if the speed distribution function is the Maxwell distribution func-

tion £* = [4/(-\/;{ v{?l)]v exp[ Z/Vm] then np = 0.85/(1 + ZPZ/P).
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When all particles have the same mass and charge and the flow is conically
divergent with & cone half-angle of Yo @and with uniform current density,

2
sinZTO
2(1 = cos 1)

n="1g ZPZ
<; + —§—>

At yg = 25°, np = 0.91/(1 + =P, /P).

(B39)
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APPENDIX C

RELATTVE MAGNITUDES OF CHARGE EXCHANGE IN DIVERGENT- AND
CONVERGENT-FLOW THRUSTORS
The thrustor configurations to be analyzed have convergent and divergent

space-charge flow geometries. Charge-exchange lons originate from discrete vol-
umes dy dz dl, as shown in sketch (n).

Accel electrode

\
® \
Tonizer Ya D =
Ny @— (dz normal
o a1 to sketch)

Reglon from which

charge-exchange i

ions will impinge |

on accel-electrode -

(n)
The following symbols are used in the discussion:
AE’AI area of exhaust-aperture and ionizer, respectively, sqm
F molecular flow Impedance factor to account for Increased neutral atom
density

f neutral atom fraction (at ionizer), atoms/ion
Jm primary ion current density in dy dz 4i, amp/sq m
JI primary lon current density at ionizer, amp/sq m
K1 constant of proportionality
1 axial dimension, m
Ny flux of neutral atoms into dy dz dl, 1b/(sec)(sq m)
Ny flux of charge-exchange ions out of dy dz dl, 1b/(sec)(sq m)
Nj flux of primary ions into dy dz dl, 1b/(sec)(sq m)
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ng neutral atom density in dy dz dl, 1b/(cu m)

qa total electronic charge, coulombs

rE,TT radii of exhaust-aperture and ionizer equipotentials, respectively,
m

g neutral atom speed in dy dz di, m/sec

¥,z lateral dimensions, m

Bgonv)ﬁgiv Léngmuir functions for convergent and divergent space-charge flows,
respectively

a charge-exchange cross section, sqm

The charge exchange ion flux from dy dz d1 is

The neutral atom density in dy dz 41 is
N fij+A
a I°I
= — = 1+ cz
"y T g, (1 ) (c2)
and the primery ion flux is
IR
Nj =—q— (C3)

Assuming that the neutrsl atom fraction is a linear function of ionizer current
denslity results in

f = K11 (C4)
so that
Jm  Kq3%A oKy dl A
YE 1< T5T 21
Ny = 2o 2L (1 4 #)dr = I L+ F) (c5)
i q VEdAR qZVE EIAE
Since Jg = JI(AI/AE))
oK, di A
LRy e
qQ Vg E

The performance of ceslum lon thrustors is limited by accelerator electrode
spacings, so any comparison of thrustor geometries must be based on equal accel
lengths, equal accel voltage, and equal @A/Qnet. Comparable arrays of conver-

gent and dilvergent geometries have equal radii (rI,conv = T'R,div and
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TR, conv = rI,div) as shown in sketch (o).

\\
~TI,conv
-
~ \\_ T
ﬁ E,conv

~» —dy dz 41

I\
w Wl’;

——

h

(o)

The ionizer current densities are (refs. 18, 98, and 99):

JI,conv = _3[: €0 ‘/_

I'II'EBconV

(c7)

55



93/

. 2 A
i = S o YE—E— (o)
TECIRdiv
So that
. 2 ~
JI,div _ Bconv (c9)

jI,conv Bgiv

For a radius ratio of 2 for both configurations (values for Beonv 8nd Bgiv
are from ref. 98 or 99),

J1,aiv_ _ 0.83
—2 = = = 2.86 (c10)
JT,conv ©-29
however, then the total currents are
j . . hed .
I’dlvil’dlv. = 2.86 —549&3;> = 2.86 X = = 1.43 (c11)
JI,conviI,conv I'I,conv 2

To obtain a comparison at the same exhaust jet power density, it is necessary to
derate the divergent flow thrustor by operating at less than space-charge-
limited current density so that

I1,a1v8T,d1v 1 (c12)
JI,conVAI,conv
Therefore,
J_Izié‘_’_ = 2.0 (013)
jI,conv

The ratio of charge-exchange fluxes is then (from eq. (ce))

]

3 2
Ny div (JI,div > ( YT aiv/TE,div ) (1 + Flaiy
r

N1, conv JI,conv I,conv/rE,conv (1 + Flconv

il

1/2\2 (1 + Faivy
@GR) Ty

1+ Faiy (c14)
1+ %F)conv

1
S
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The ratio of total number of charge-exchange ions originating in the volume
An d1 is.
B

(NiAE)div B (1 + f)dj_v
(NiAE) a4 3r)conv

(c15)
conv

Since (1 + Flaiv < (L + Fleonvs It is evident that the divergent-flow thrustor
will suffer less charge-exchange impingement than the convergent-flow thrustor.

Furthermore, the divergent-flow thrustor should have less heat loss because

of its smaller ionizer area, so that its efficiency should be greater than that
of the convergent-flow thrustor when both thrustors have the same durability.
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TABLE I. - PAYLOAD FOR SPACE PROBE MISSIONS

[From ref. 2.]

Mission Payload, kg

Electric rocket (initial  Nuclear rocket Chemical rocket
weight, 11,000 kg; power- (initial weight, (initial weight,
plant weight, 2800 kg) 34,000 kg) 22,000 kg; pro-
pellan‘t, HZ-OZ)

Specific Specific
weight, weight,
6 kg/kw 12 kg/kw
Place payload in 500-mile 4600 3000 8400 4000
Mars orbit; trip time,
230 days
Jupiter flyby; trip time, 5500 3700 6800 3200
500 days
Send payload 30° out of 3900 2000 1800 8No mission
ecliptic plane; trip
time, 232 days
Pluto flyby; trip time, 2800 900 8No mission 8o mission
1100 days
Place payload in 2000-mile 2300 500 &No mission 8o mission
Saturn orbit; trip time,
1000 days
Place paylcad in 2000-mile 1800 136 8No mission 8No mission
Juplter orbit; trip time,
900 days

S9

8No mission indicates that payload is too small.
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Figure 1. - Payload fractions for Mars orbiter mission. Irving-Blum trajectories; initial (Earth)
orbit, 300 kilometers; final (Mars) orbit, 640 kilometers.
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Figure 3. - Permanent magnet 10-centimeter module of reference thrustor.
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Figure 5. - Comparison of payload fractions for Mars orbiter mission with Irving-Blum and constant-
specific-impulse trajectories. Powerplant specific mass, 4 kilograms per kilowatt; power-
conversion specific mass, O; thrustor specific mass, O0; thrustor efficiency, 100 percent.
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power-conversion specific mass, 0.5 kilogram per kilowatt; thrustor specific mass, 0; thrustor
efficiency, 100 percent.
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specific mass, 0; thrustor efficiency from figure 7.
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Courtesy of Electro-
i 0ptical Systems, Inc.

Figure 23. - Electron-bombardment thrustor under development at Electro-Optical
Systems, Inc. for cesium propellant.
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C-65825 ‘ : Courtesy of Ion
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Figure 26. - Electron-bombardment thrustor under development at Ion
Physics Corporation.
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Figure 28. - Contact-ionization thrustor under
Systems, Inc.

Courtesy of Electro-
Optical Systems, Inc.

development at Electro-Optical
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Courtesy of Hughes Research
Laboratories, Inc.

Figure 46. - Strip-beam contact-ionization thrustor under development by Hughes Research Laboratories, Inc.
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Figuré 48. - Divergent-flow, contact-ionization, experimental thrustor
apparatus.
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TECHNICAL MEMORANDUMS: Information receiving limited distri-
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NASA activities but not necessarily reporting the results of individual
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and special bibliographies.
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Washington, D.C. 20546




